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Large explosive volcanic eruptions inject SO2 into the stratosphere where it is oxidised to 
sulphate aerosols which reflect sunlight. This causes a reduction in global temperature and 
precipitation lasting a few years. Here the robust features of this precipitation response are 
investigated, using superposed epoch analysis that combines results from multiple eruptions. 
The precipitation response is first analysed using the climate model HadCM3 compared to 
two gauge based land precipitation datasets. The analysis is then extended to a large suite of 
state-of-the art climate models participating in the Coupled Model Intercomparison Project 
Phase 5 (CMIP5). This is the first multi-model study focusing on the precipitation response 
to volcanoes. The large ensemble allows analysis of a short satellite based dataset which 
includes ocean coverage. Finally the response of major world rivers to eruptions is examined 
using historical records. Whilst previous studies focus on the response of just a few rivers or 
global discharge to single eruptions, here the response of 50 major world rivers is averaged 
across multiple eruptions. Results are applicable in predicting the precipitation response to 
future eruptions and to geoengineering schemes that seek to counteract global warming 
through reducing incoming solar radiation. 
 
The main model-simulated features of the precipitation response include a significant global 
drying over both land and ocean, which is dominated by the wet tropical regions, whilst the 
dry tropical ocean regions get significantly wetter following eruptions. Monsoon rainfall 
decreases, whilst in response to individual eruptions the Intertropical Convergence Zone 
shifts away from the hemisphere with the greater concentration of volcanic aerosols. The 
ocean precipitation response is longer lived than that over land and correlates with near 
surface air temperature, whilst the land response correlates with aerosol optical depth and a 
reduction in land-ocean temperature gradient 
 
Many of these modelled features are also seen in observational data, including the decrease 
in global mean and wet tropical regions precipitation over land and the increase of 
precipitation over dry tropical ocean regions, all of which are significant in the boreal cold 
season. The land precipitation response features were robust to choice of dataset. Removing 
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the influence of the El Nino Southern Oscillation (ENSO) reduces the magnitude of the 
volcanic response, as several recent eruptions coincided with El Nino events. However, 
results generally remain significant after subtraction of ENSO, at least in the cold season. 
Over ocean, observed results only match model expectations in the cold season, whilst data 
are noisy in the warm season. Results are too noisy in both seasons to confirm whether a 
long ocean precipitation response occurs. Spatial patterns of precipitation response agree 
well between observational datasets, including a decrease in precipitation over most 
monsoon regions. A positive North Atlantic Oscillation-like precipitation response can be 
seen in all datasets in boreal winter, but this is not captured by the models. A detection 
analysis is performed that builds on previous detection studies by focusing specifically on 
the influence of volcanoes. The influence of volcanism on precipitation is detectable using 
all three observational datasets in boreal winter, including for the first time in a dataset with 
ocean coverage, and marginally detectable in summer. However, the models underestimate 
the size of the winter response, with the discrepancy originating in the wet tropics.  
 
Finally, the number of major rivers that undergo a significant change in discharge following 
eruptions is slightly higher than expected by chance, including decreased flow in the 
Amazon, Congo, Nile, Orange, Ob and Yenisey. This proportion increases when only large 
or less humanly influenced basins are considered. Results are clearer when neighbouring 
basins are combined that undergo the same sign of CMIP5 simulated precipitation response. 
In this way a significant reduction in flow is detected for northern South American, central 
African and less robustly for high-latitude Asian rivers, along with a significant increase for 
southern South American and SW North American rivers, as expected from the model 






Large explosive volcanic eruptions inject reflective particles (sulphate aerosols) high up into 
the atmosphere which then spread out globally, reflecting sunlight. This causes a decrease in 
global temperature lasting a few years, along with a reduction in global rainfall. Here the 
details of this rainfall response are investigated using a combination of rainfall 
measurements and climate model simulations. Historical data from major world rivers are 
then examined to investigate whether the influence of volcanic eruptions can also be seen 
therein. Since volcanic eruptions cause global cooling, geoengineering measures based on 
the same principles have been proposed. Understanding the response of the water cycle to 
eruptions thus sheds light on potential geoengineering side effects. Results are also relevant 
in predicting the response of the water cycle to future eruptions. 
The main features of this volcanic rainfall response agree between models and observed data 
and include a global drying response, which is dominated by a decrease in rainfall in the wet 
tropical regions. In contrast the dry tropical ocean regions get wetter. However, the models 
tend to underestimate the size of the response in the boreal cold season (i.e. November 
through to April). In climate models the response of rainfall over oceans consistently lasts 
longer than that over land. However, this cannot be confirmed by observations, as ocean 
precipitation records are short, capturing the response to only two major eruptions and hence 
show too much variability to identify a clear volcanic response. Monsoon rainfall reduces 
following eruptions in both models and observations, whilst in the models the Intertropical 
Convergence Zone (an equatorial band of converging winds and rising air associated with 
rain) shifts away from the hemisphere with the largest concentration of sulphate aerosols. 
Volcanic eruptions have previously been found to be followed by a positive phase of the 
North Atlantic Oscillation (a fluctuation in the pressure difference between Iceland and the 
Azores which affects the strength of westerly winds and thereby winter temperature and 
precipitation in Europe). A corresponding rainfall pattern can be seen in observational data 
in winter, but this is not captured by climate models, in agreement with previous studies. 
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Finally, it was found that some rivers undergo a change in discharge following eruptions, for 
instance a decrease in flow for the Amazon, Congo, Nile, Orange, Ob and Yenisey. Results 
are clearer when neighbouring river basins undergoing the same sign of model-simulated 
rainfall response are combined. In this way a notable reduction in flow is experienced for 
northern South American, central African and northern Asian rivers, along with an increase 
in flow for southern South American and SW North American rivers, as might be expected 
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Chapter 1: Introduction and Background 
1.1 Introduction  
The Earth’s climate has warmed by 0.85°C since 1880, with a high probability that at least 
half of the warming since 1950 is attributable to anthropogenic greenhouse gas emissions 
[Bindoff et al., 2013]. A further 0.3 to 4.8°C of warming is predicted by the end of the 
century depending on the emissions scenario and climate model employed [IPCC, 2013]. 
This climatic change is expected to have adverse effects on both people and ecosystems, e.g. 
through sea level rise, changes in climate extremes, changes in growing conditions for crops 
and geographical ecosystem shifts [IPCC, 2014]. Some of these impacts could be 
ameliorated if a temperature increase could be avoided. In contrast, large explosive volcanic 
eruptions cause a decrease in global temperature lasting a few years, through injecting 
sulphate aerosols into the stratosphere where they reflect incoming solar radiation [e.g. 
Robock, 2000 and references therein]. This has led to consideration of geoengineering 
schemes based on artificially injecting sulphate aerosols into the stratosphere to replicate the 
volcanic cooling response. However, as well as reducing temperatures, volcanic eruptions 
also affect other components of the climate system, including atmospheric circulation and 
the hydrological cycle, causing a temporary decrease in precipitation on a global scale [e.g. 
Robock, 2000 and references therein, Trenberth and Dai, 2007; Stenchikov et al., 2006, 
Gillett et al., 2004]. This suggests that such geoengineering schemes are likely to have 
similar side effects which require further investigation, for which volcanic eruptions provide 
a useful analogue. 
However, compared to the effect of volcanic eruptions on temperature, understanding of the 
response of precipitation and other hydrological cycle components to eruptions, particularly 
streamflow, is more limited. Furthermore, previous studies suggest that climate models 
underestimate the magnitude of the precipitation response to eruptions [Lambert et al., 2004; 
2005, Gillett et al., 2004], which has direct consequences for model-based geoengineering 
studies. Particularly given its importance to both people and ecosystems, more research is 
needed into the response of the hydrological cycle to eruptions. This would also aid 
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understanding of past precipitation and drought records, and the prediction of the 
precipitation response to future eruptions. Hence the question to what extent volcanic 
eruptions influence global precipitation, and the mechanisms and timescales at which the 
response occurs are also scientifically important. 
In this thesis the robust features of the precipitation response to volcanic eruptions are 
investigated using both observational data and climate model simulations. In order to 
separate the volcanic response from climate variability we apply several techniques, 
including superposed epoch analysis, which involves averaging across the response to 
several eruptions. Robustness of results to using alternative observational datasets or climate 
models is investigated and quantitative comparisons between observations and model 
simulations drawn, including a detection analysis which is tailored specifically to the 
volcanic response. Finally, the response of major world rivers to eruptions is investigated 
using historical streamflow records. 
1.2 Background 
This section commences by outlining how the impact of volcanic eruptions is studied, 
including the type of eruption that affects climate, an outline of the superposed epoch 
analysis technique and a brief discussion of how climate models are used to investigate the 
climate impact of volcanoes. The impact of volcanic eruptions on various aspects of climate 
is then discussed, focusing particularly on research into their effect on the hydrological 
cycle. Research into the response of the hydrological cycle to solar-radiation management 
based geoengineering schemes is also briefly outlined. Finally, research gaps are identified, 
aims and objectives set out, and an outline of the thesis described, highlighting how this 
research builds on previous studies.  
1.2.1 Investigating the effects of volcanic eruptions in climate studies 
Type of eruption 
It is large, explosive volcanic eruptions that inject sulphur dioxide (SO2) and hydrogen 
sulphide (H2S) into the stratosphere that impact climate. SO2 and H2S are oxidised to 
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sulphate aerosols over a time scale of weeks, and these spread out zonally to encircle the 
globe within 2-3 weeks, and meridionally over the timescale of months, transported 
polewards by the Brewer-Dobson circulation [e.g. Robock, 2000 and references therein]. 
Aerosol clouds from tropical eruptions tend to spread out over both hemispheres, whilst 
those of high latitude eruptions are confined to the hemisphere of eruption [e.g., Robock, 
2000; Timmreck, 2012 and references in both]. These aerosols reflect sunlight, causing 
global surface and tropospheric cooling. For example, the 1991 Pinatubo eruption caused a 
4Wm
-2
 reduction in short-wave radiation reaching the Earth's surface [Stenchikov et al., 
1998]. Sulphate aerosols tend to linger in the stratosphere for a couple of years and are 
removed through large scale subsidence at the poles, sedimentation into the troposphere, and 
tropopause folding [e.g. Haywood et al., 2010]. Lower injection heights and higher latitudes 
of eruption lead to quicker removal [e.g. Haywood et al., 2010]. High latitude eruptions will 
tend to have a smaller impact on climate compared to tropical eruptions for a given sulphur 
emission due to the combination of quicker aerosol removal, limited geographical extent of 
the aerosol cloud and lower incoming solar radiation levels at high latitudes. Effusive 
eruptions which only emit aerosols to the troposphere have much less impact on climate 
because aerosols there only have a lifetime of a few days [Highwood and Stevenson, 2003]. 
Although the eruption of Laki in 1783-4 was mostly effusive, it did affect northern 
hemisphere temperature and monsoon precipitation because of sulphur emitted to the 
stratosphere during its explosive phases [Oman et al., 2006a; 2006b]. However, studies 
disagree about the amount of sulphur reaching the stratosphere and therefore the magnitude 
of its climate effects [Highwood and Stevenson, 2003; Oman et al., 2006a; 2006b]. Effusive 
and Laki-style eruptions are not considered in this thesis. 
It is the amount of sulphur rather than magmatic material (ash and tephra) injected into the 
stratosphere that is important for climatic impacts. Carbon dioxide and water vapour emitted 
from volcanoes are negligible compared to background levels and so are not important for 
climate [Robock, 2000]. Since there is little water in the stratosphere, volcanic particles 
acting as cloud condensation nuclei is a phenomenon confined to the troposphere, and 
therefore short-lived. [Robock, 2000]. Nevertheless, climate effects are not linearly related to 
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sulphur burden of the stratosphere, as higher sulphate loads lead to more coagulation of 
aerosols which have a smaller effect on short-wave radiation per unit mass [Timmreck et al., 
2009]. Figure 1.1 shows a time series of aerosol optical depth (AOD) over the last 150 years, 
thereby indicating when the recent climatically important volcanic eruptions occurred and 
towards which hemisphere their aerosol clouds were biased (see also Table 2.1 and Figure 
2.1, Chapter 2).  
 
Figure 1.1: Time series of global mean Aerosol Optical Depth (AOD) since 1850 from the Sato et al. 
[1993] (blue) and Crowley et al., [2008] (black) datasets, thereby indicating the main climatically 
important volcanic eruptions over the recent period. Crowley et al. [2008] AOD data is also shown for 
the northern hemisphere (green) and southern hemisphere (red) separately to give an indication of the 
eruption latitude and position of the aerosol cloud. 
 
Epoch analysis 
Many studies on the effect of volcanic eruptions on climate are based on a technique called 
superposed epoch analysis [e.g. Fischer et al., 2007; Hegerl et al., 2003; 2011]. This 
involves averaging the climate response across multiple eruptions in order to reduce internal 
variability and thereby see the influence of volcanic eruptions more clearly. This technique 
can be applied to both observations and climate model simulations and is the main analysis 
technique employed in this thesis. 
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Investigating the impact of volcanic eruptions using climate models 
In order to be used to examine the effect of volcanic eruptions on climate, General 
Circulation Models of the atmosphere and ocean (GCMs) must be forced with volcanic 
aerosols. In older models this involved a simple reduction of the solar constant. More 
recently models such as the ones used for the Couple Model Intercomparison Project Phase 5 
(CMIP5) generally specify volcanic forcing as aerosols with a specified size distribution 
based on historical observations. Examples of such forcing datasets are Crowley et al. 
[2008], Sato et al. [1993] and its update Hansen et al. [2002] (see Figure 1.1) or Ammann et 
al. [2003] and its update Ammann et al. [2007]. These forcing datasets are compiled using a 
number of techniques. For example, the Crowley et al. [2008] dataset is based on sulphate 
measurements from ice cores from Greenland and Antarctica calibrated to satellite estimates 
of AOD and effective radius for the 1991 Pinatubo and much smaller Hudson eruption. The 
Hansen et al. [2002] dataset is based on satellite, aircraft, balloon, and ground-based 
observations of AOD and effective radius of sulphate aerosols. Both of these datasets 
estimate AOD in four latitudinal bands. The Ammann et al. [2003] and its update Ammann et 
al. [2007] datasets are also commonly used to force GCMs and use a simple model to 
recreate the probable distribution of aerosols following eruptions including seasonal 
differences in transport. They assume a constant effective radius of 0.42μm. This dataset 
provides higher latitudinal resolution (64 bands), which is particularly useful in the pre-
satellite era. Alternatively in some models, such as MRI-CGCM-3, aerosol emissions are 
specified and the climate model is left to simulate reactions and transport. This is more 
computationally expensive and it is generally only the mass of aerosols that is calculated, 
whilst the size distribution is specified [Timmreck, 2012]. In all cases climate models are 
then left to simulate the climate system response to the volcanic forcing. 
Whereas in the real climate system there is only one rendition of each volcanic eruption and 
its response is partially obscured by noise, in climate models it is possible to perform an 
ensemble of runs for each eruption, each with different initial conditions. Due to the chaotic 
nature of the atmosphere, each run will have different internal variability associated with it 
and by taking the ensemble mean this variability will tend to cancel out, making the volcanic 
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influence clearer. Ensemble means can also be taken across multiple models. Note that 
responses to volcanism that involve circulation (see 1.2.2) will remain visible if correctly 
simulated. 
GCMs also have the advantage compared to observations of having spatially and temporarily 
complete data, including for variables that are difficult to measure, such as evaporation or 
precipitation over the ocean. In this way they can be used to compliment observations, 
providing they appear to simulate the climate response correctly. Finally, GCMs are also 
useful in exploring the mechanisms through which volcanic eruptions affect climate. In a 
climate model it is possible to hold some variables constant, such as sea surface temperatures 
(SSTs), allowing their contribution to the volcanic response to be discerned. 
The observed and model simulated climate response of a variable to eruptions can be 
compared through fingerprinting techniques (also referred to as detection analyses) [e.g. 
Lambert et al., 2004; 2005; Gillett et al. 2004]. These are regression based techniques used 
to establish whether the modelled fingerprint (i.e. a space-time pattern) of climate response 
to a forcing agent can be detected in observational data, whether or not this is inconsistent 
with internal variability and whether the modelled magnitude is correct. Optimal 
fingerprinting is essentially the same but includes a step to reduce the effect of climate 
variability on the fingerprints in order to reduce uncertainty on the estimated climate 
response [see Hegerl and Zwiers, 2011]. Here we apply fingerprint detection methods to 
identify the volcanic signal in observations, using results of epoch analysis to determine 
fingerprints. 
1.2.2 Volcanic eruptions and climate 
As well as reflecting incoming solar radiation and thereby causing surface and tropospheric 
cooling, sulphate aerosols also absorb near infrared radiation and outgoing long wave 
radiation, thereby warming the lower stratosphere [Wielicki et al., 2002]. For low latitude 
eruptions, this enhances the equator to pole stratospheric temperature gradient, which is 
thought to cause a stronger polar vortex and a stationary wave pattern of tropospheric 
circulation that resembles the positive phase of the North Atlantic Oscillation (NAO- a 
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fluctuation in the pressure difference between Iceland and the Azores which affects the 
strength of westerly winds and thereby winter temperature and precipitation in Europe). This 
is associated with warming over northern hemisphere continents in winter, in contrast to the 
general global post-eruption cooling [e.g. Robock and Mao, 1992; 1995] and brings wetter 
conditions to Northern Europe and drier conditions to Southern Europe. This response is 
found in observational studies, and earlier model studies, but is not well captured by more 
recent (CMIP3 and CMIP5) climate models [Driscoll et al., 2012; Stenchikov et al., 2006; 
Charlton-Perez et al., 2013].  Nevertheless, this NAO response is reasonably robust in 
observational studies, increasing confidence that it is a real phenomenon. For instance 
Fischer et al. [2007] found a significant winter warming in northern Europe in the mean 
response across 15 large low latitude eruptions since 1500, with 14/15 eruptions followed by 
this pattern. A significant NAO-like 500 hPa geopotential height pattern was found in the 
mean response to the more recent 10 of these eruptions for which data exists. Furthermore, 
Driscoll et al. [2012] found a significant (95% level) NAO response in sea level pressure 
data averaged across 9 tropical eruptions that occurred since 1850. 7 out of 9 eruptions were 
followed by a positive NAO index, whilst the aerosol clouds of the remaining 2 were biased 
towards the southern hemisphere, which may have affected the dynamical response. 
However, Hegerl et al. [2011] found that the winter warming response over Europe was only 
marginally detectable against randomly selected winters, despite being present for many 
eruptions. The existence of physical explanations, such as the one detailed above, add 
confidence that this NAO response is a real phenomenon, although these mechanisms are 
still uncertain, e.g. Stenchikov et al. [2002] found that stratospheric aerosol heating did not 
need to be included to simulate the NAO response, but that the reduced equator-pole 
tropospheric temperature gradient was enough. For very big eruptions, such as that in 1258, 
climate model simulations have suggested that the direct radiative cooling response can 
override this dynamical winter warming response [Schneider et al., 2009]. 
Another circulation response to eruptions is the weakening of monsoon winds, with 
associated reductions in precipitation, which are found in both observations and model 
simulations. This arises because the land masses cool more than the oceans following 
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eruptions due to their lower heat capacity, reducing the summer temperature gradient 
between them [Schneider et al., 2009; Joseph and Zeng, 2011; Peng et al., 2010; Cao et al., 
2012]. Results from CMIP3 models suggest that volcanic eruptions are also followed on 
average by a positive phase of the Southern Annular  Mode in spring and autumn, which is 
associated with a strengthened polar vortex and reduced sea-level pressure over the Antarctic 
[Karpecho et al., 2010], although observations suggest a negative SAM following the last 
three eruptions. [e.g. Karpecho et al., 2010; Roscoe and Haigh, 2007]. A positive phase of 
the SAM is associated with a poleward shift of the southern hemisphere midlatitude storm 
track, causing increased precipitation at high latitudes and decreased precipitation at 
midlatitudes in all seasons, whilst rainfall increases in the subtropics in autumn and spring 
[e.g. Hendon et al., 2014 using a satellite-gauge dataset (GPCP)]. 
Other effects of volcanic eruptions include a decrease in ocean heat content and uptake and a 
concomitant decrease in sea level [e.g. Stenchikov et al., 2009 using the GFDL CM2.1 
GCM]. The Atlantic Meridional Overturning Circulation (AMOC) has been found to 
strengthen following eruptions in modelling studies, peaking around a decade after large 
eruptions [Stenchikov et al., 2009; Zanchettin et al., 2012]. This is caused by post-eruption 
cooling of the upper ocean along with increased salinity at mid and high northern latitudes in 
areas of deep water formation arising from decreased northern hemisphere precipitation and 
runoff [Stenchikov et al., 2009]. Meanwhile, salinity decreases at lower latitudes due to 
decreased evaporation [Zanchettin et al., 2012, using the MPI-ESM]. All the above have 
been found to recover on timescale of several decades to a century in climate models 
[Stenchikov et al., 2009; Zanchettin et al., 2012]. Sea ice has been found to respond on a 
decadal timescale in model studies, increasing in extent and mass following eruptions [e.g. 
Stenchikov et al., 2009; Zanchettin et al., 2012], whilst a few decadally spaced eruptions 
have been found to cause multi-decadal to centennial increases in sea ice that could have 
contributed to the onset of the little ice age [Schneider et al. 2009 and Zhong et al., 2011 
using model simulations; Miller et al., 2012 using a model and proxy data]. A delayed winter 
warming associated with a prolonged positive phase of the NAO was found to occur a 
decade following eruptions on average by both Zanchettin et al. [2013] in observational 
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reconstructions and Zanchettin et al. [2012] using a GCM. Finally, ozone depletion has been 
observed following volcanic eruptions; sulphate aerosols act as a surface upon which ozone 
depleting reactions occur when chlorine is present [Robock, 2000]. 
There is considerable debate in the literature about whether volcanic eruptions can trigger El 
Nino events. The most recent three eruptions were followed by El Nino events, albeit a weak 
one for the 1963 Agung eruption. Based on observational records, Adams et al. [2003] and 
Emile-Geay et al. [2008] found an increased probability of El Nino events following large 
eruptions, whilst Self et al. [1997] found no link and Chen et al. [2004] showed that all major 
El Ninos since 1956 could be predicted up to 2 years ahead just using initial sea surface 
temperatures. Of the 3 twentieth century eruptions occurring at the beginning of El Nino 
events, El Chichon (1982) and Pinatubo (1991) occurred after the corresponding El Nino 
event had started [Self et al., 1997]. If volcanic eruptions did affect ENSO, then this would 
be a mechanism through which they would also affect precipitation. 
1.2.3 Volcanic eruptions and the hydrological cycle 
Volcanic eruptions have been found to influence various components of the hydrological 
cycle, which is the focus of this thesis. Tropospheric water vapour tends decrease quasi-
exponentially with decreasing temperature at the Clausius Clapeyron rate of around 6.5% per 
Kelvin [e.g. Allen and Ingram 2002]. Accordingly, Li and Sharma [2013] find that water 
vapour decreases across the whole globe following the Pinatubo eruption in the CMIP3 multi 
model mean, with the largest decrease in the tropics. Global mean water vapour also 
decreases in observational datasets following Pinatubo, but with increases in some regions 
such as the eastern equatorial Pacific [Li and Sharma, 2013]. However this increase could 
arise from incomplete removal of the ENSO signal and a poor signal to noise ratio since 
observational data exists for only one eruption. Using a combination of observations and 
model simulations, Soden et al. [2002] and Forster and Collins, [2004] find that the post-
eruption decrease in global mean tropospheric water vapour amplifies the post-volcanic 
cooling response, since water vapour acts as a greenhouse gas. In contrast, Joshi and Jones, 
[2009] suggest that some eruptions increase lower stratospheric water vapour which reduces 
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the cooling response in the climate model HadGEM1. They suggest that this mechanism 
might explain the smaller observed temperature response to the 1883 Krakatau eruption 
compared to climate model simulations. 
Both observational and modelling studies have consistently found a decrease in global mean 
precipitation following large explosive eruptions, lasting a few years (e.g. Robock and Liu 
[1994] using the GISS model, Schneider et al. [2009] using NCAR CCSM3; Gu et al. [2007] 
and Gu and Adler [2011] using observational precipitation data for eruptions in the latter part 
of the 20th century, Trenberth and Dai [2007] using observed land precipitation data,  and 
Broccoli et al. [2003] for Pinatubo in both the GFDL R30 model and observational data). 
This decrease in global precipitation is due to a reduction in short-wave radiation reaching 
the surface, reducing evaporation, stabilizing the atmosphere and reducing the saturation 
mixing ratio of the air [Bala et al., 2008; Cao et al., 2012]. In addition, radiative cooling of 
the atmosphere to space is balanced by latent heat release associated with condensation and 
precipitation, and these all reduce for a cooler post-eruption atmosphere [Allen and Ingram, 
2002; O’Gorman et al., 2012]. Precipitation decreases over both global land and ocean 
following eruptions, in contrast to ENSO related variations in which it shifts between the two 
[Gu et al., 2007; Gu and Adler, 2011; Liu et al., 2012]. The influence of volcanic forcing on 
the smoothed time series of globally averaged land precipitation has been formally detected 
through optimal fingerprinting studies on its own [Gillett et al., 2004], and in combination 
with other forcings (Lambert et al. [2004], but only for 5 of 9 GCMs in Lambert et al. 
[2005]). The models that did exhibit this volcanic precipitation response tended to 
underestimate its magnitude. 
The main regions experiencing decreased precipitation following low latitude eruptions tend 
to be the tropics [Robock and Liu, 1994; Trenberth and Dai, 2007; Schneider et al., 2009], 
and monsoon regions [Schneider et al., 2009; Joseph and Zeng, 2011; Wegmann et al., 
2014]. The former has been associated with a weakened Hadley Circulation (Robock and Liu 
[1994] in the GISS model), or a contracted one (Schneider et al. [2009] in NCAR CCSM3), 
whilst the monsoon response is associated with a weakened land-ocean temperature gradient 
as described above. These features are seen in both modelling and observational studies, 
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although the monsoon response is less robust in the observations over Asia [e.g. Joseph and 
Zeng, 2011; Anchukaitis et al., 2010]. Other features of the precipitation response to low 
latitude eruptions identified in previous modelling studies include an increase over large 
parts of the subtropics [Schneider et al., 2009], a decrease over the Sahel in summer [Robock 
and Liu, 1994; Schneider et al., 2009] and a shift of the intertropical convergence zone 
(ITCZ) away from the hemisphere with the greatest concentration of aerosols [Haywood et 
al., 2013]. Using a precipitation reconstruction based on instrumental and proxy data, 
Fischer et al. [2007] found an NAO-like precipitation response over Europe in winter. Oman 
et al. [2006b] and Robock et al. [2008] find that the Asian and African monsoons weaken in 
climate model simulations in response to high northern latitude eruptions and high northern 
latitude sulphate aerosol geoengineering respectively. This has also been associated with 
reductions in Sahelian precipitation [Oman et al., 2006b; Haywood et al., 2013], which is 
confirmed by observed precipitation records [Haywood et al., 2013] and historical 
streamflow records from the Nile and Niger [Oman et al., 2006b]. This Sahelian drying is 
also tied to shifts in the position of the ITCZ which in turn shifts the African monsoon 
[Haywood et al., 2013].  
Concerning streamflow,  in addition to Oman et al., [2006b] mentioned above, Trenberth 
and Dai [2007] found a significant decrease in global streamflow using historical records 
following the 1991 Pinatubo eruption, even once the influence of ENSO had been removed, 
and a moderate decrease following El Chichon in 1982 and Agung in 1963. Spatial patterns 
of streamflow response following Pinatubo from a land surface model forced with observed 
precipitation were very similar to the precipitation response itself. The only other study 
mentioning the streamflow response to eruptions is Timmreck et al. [2012] who used MPI-
ESM simulations to investigate the climate response to the Toba super eruption in 73ka 
(100x Pinatubo stratospheric injection of sulphur) in 5 river catchments that were important 
regions for human evolution. They found a decrease in streamflow lasting around 2 years in 
all catchments: the Nile, Ganges-Brahmaputra, Mekong, Krishna and Orange rivers. For 
some rivers (Nile, Ganges- Brahmaputra and Orange, and several others in Africa, tropical 
Asia and Australia) the initial decrease was followed by anomalously high streamflow (and 
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precipitation) in years 3-5, linked to a la Nina-like SST anomaly in the Pacific that was 
thought to strengthen the Indian monsoon. 
1.2.4 Geoengineering and the hydrological cycle 
As mentioned in Section 1.1, geoengineering schemes that replicate the volcanic cooling 
effect through reducing incoming solar radiation have been considered in order to counteract 
global warming and its temperature related impacts, e.g. through placing mirrors in space, 
artificially injecting sulphate aerosols into the stratosphere, marine cloud brightening or even 
painting roofs white [e.g. Caldeira et al., 2013; Boucher et al., 2013]. The sulphate aerosol 
technique most closely resembles volcanic forcing, the key difference to a simple reduction 
in the solar constant being that sulphate aerosols absorb near infrared solar radiation and 
outgoing longwave radiation, thereby warming the lower stratosphere. This has implications 
for dynamics and also increases downwelling longwave radiation as the aerosols re-emit in 
the infrared, increasing the forcing needed for a given surface temperature reduction [e.g. 
Ammann et al., 2010; Ferraro et al., 2014; Fyfe et al., 2013; Niemeier et al., 2013]. 
Nevertheless, the climate response to sulphate aerosol based geoengineering may differ from 
that to past volcanic eruptions in that the forcing is prolonged, with constant renewal of 
aerosols, and occurs on a backdrop of elevated CO2 concentrations. It should be pointed out 
that whilst these geoengineering schemes can restore global mean temperatures, they do not 
address other effects of elevated CO2 levels such as ocean acidification or changes in the 
terrestrial carbon cycle, whilst sulphate aerosol based schemes can cause ozone depletion 
[Caldeira et al., 2013]. 
The effects of solar-radiation management geoengineering has been increasingly studied in 
recent years through model experiments, including as part of GeoMIP (Geoengineering 
Comparison Project) [Kravitz et al 2013a], although many of these studies involve very 
idealised experiments e.g. the GeoMIP ‘G1’ experiment which involves reducing the solar 
constant to maintain top of the atmosphere radiative balance during an abrupt quadrupling of 
CO2. Whilst less comparable to volcanic eruptions, these studies do shed light on how the 
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climate system, including the hydrological cycle responds to short-wave radiative forcing. 
The following discussion is based solely on the results of model experiments. 
Both solar reduction and sulphate aerosol techniques have been found to be effective in 
reducing global mean temperatures to desired levels, albeit with overcompensation in the 
tropics and residual warming at high latitudes for latitudinally uniform shortwave forcing 
[e.g. Ban-Weiss and Caldeira, 2010, Kravitz et al., 2013b, Schmidt et al., 2012; Ammann et 
al., 2010]. However, all short-wave geoengineering studies find that when temperature is 
reduced to desired levels, global precipitation decreases too much [e.g. Tilmes et al., 2013; 
Kravitz et al., 2013b, Ricke et al., 2010; Bala et al., 2008; Fyfe et al., 2013; Ban-Weiss and 
Caldeira, 2010; Robock et al., 2008]. On the one hand the increase in temperature associated 
with elevated CO2 concentrations (with no-geoengineering) tends to increase precipitation 
through increasing the water vapour holding capacity of the atmosphere, whilst a warmer 
atmosphere tends to undergo more radiative cooling to space which is balanced by latent 
heat release associated with precipitation. On the other hand CO2 also acts to decrease 
precipitation through stabilising the atmosphere and inhibiting radiative cooling to space 
through absorbing longwave radiation (referred to here as 'the direct CO2 effect'). The net 
effect under elevated CO2 concentrations is an increase in precipitation that is weaker than 
the thermal response alone [e.g. Bala et al., 2008; O’Gorman et al., 2012; Allen and Ingram, 
2002; Lambert and Allen, 2009]. A decrease in short-wave forcing acts directly at the 
surface, decreasing evaporation and increasing atmospheric stability with no compensating 
effect, making it more effective at influencing precipitation [e.g. Bala et al., 2008; Cao et al., 
2012; Lambert and Allen., 2009]. In a geoengineered world, temperature effects are minimal, 
and so the direct CO2 effect becomes important [e.g. Tilmes et al., 2013]. Whilst a decrease 
in global precipitation is undesirable, changes for solar reduction techniques are smaller than 
for climate change with no geoengineering, although can be bigger for some regions 
[Schmidt et al., 2012; Tilmes et al., 2013; Kravitz et al., 2013b]. Due to their greenhouse 
effect, sulphate aerosols cause a greater reduction in precipitation than a simple solar 
reduction [e.g. Fyfe et al., 2013; Ferraro et al., 2014; Niemeier et al., 2013]. The effect of 
elevated CO2 concentrations on plants further reduces precipitation, particularly over land 
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through stomata closure leading to reduced transpiration [Fyfe et al. 2013; Tilmes et al., 
2013, Kravitz et al., 2013c, Cao et al., 2012]. This effect is of comparable magnitude to the 
radiative effects mentioned above [Fyfe et al., 2013]. 
Spatial patterns of precipitation change to geoengineering are not directly comparable to 
those for volcanism, since in a geoengineered world higher CO2 levels are also affecting 
precipitation. However, model studies suggest that most areas dry in a geoengineered world, 
including monsoon regions, although models are less consistent over India. Precipitation 
increases over the Middle East and in the location of the ITCZ in the Pacific, although 
agreement between models in these regions is poor [Kravitz et al., 2013b, Tilmes et al., 2013, 
Schmidt et al., 2012]. Evaporation and latent heat fluxes decrease in most places, except in 
deserts and the high latitudes, particularly over the ocean, although with poor agreement in 
these areas [Kravitz et al., 2013b, Tilmes et al., 2013, Schmidt et al., 2012]. Some studies 
find ITCZ shifts in response to broadly hemispherically symmetric geoengineering, but the 
direction of shift is inconsistent between studies and does not occur in all models [e.g. 
Schmidt et al., 2012; Ban-Weiss and Caldeira, 2008; Jones et al., 2010; Kravitz et al., 
2013b]. When geoengineering is strongly biased to one hemisphere, the ITCZ shifts away 
from the hemisphere with the greater forcing [Haywood et al., 2013; Ban-Weiss and 
Caldeira, 2010; Yoshimori and Broccoli, 2008]. Finally, Tilmes et al. [2013] found a 




1.3 Research gaps 
Compared to the temperature response to volcanic eruptions, the precipitation response is 
less well understood. There are a number of avenues that have yet to be explored, some of 
which are addressed in this thesis. For example, there are few studies that investigate the 
observed precipitation response across multiple eruptions (see section1.2.1), and those that 
do tend to be regional in nature and based mostly on proxy data (e.g. Fischer et al. [2007] for 
Europe, Anchukaitis et al. [2010] for Asia and Wegmann et al. [2014] for Europe and Asia). 
Joseph and Zeng [2011] are an exception but focus only on the tropical land masses. There is 
scope to investigate this observed precipitation response in more detail, identifying its robust 
features, including regional and seasonal characteristics. In addition, epoch analysis has not 
been performed on observed ocean precipitation data, although Gu et al. [2007] and Gu and 
Adler [2011] examine its response to volcanism through lagged correlation and regression 
analysis with aerosol optical depth, but do not examine the spatial features of the response. 
There is also a need for more quantitative comparisons of the volcanic precipitation response 
between models and observations. Climate models tend to simulate precipitation less well 
than temperature, with some persistent systematic biases  e.g. insufficient precipitation in the 
equatorial West Pacific, too much in the convergence zones south of the equator in the 
Atlantic and Eastern Pacific, an overly zonal South Pacific Convergence zone, and overly 
frequent light rainfall events [Flato et al., 2013]. Some studies on the volcanic precipitation 
response are based on model simulations only [e.g. Robock and Liu, 1994; Schneider et al., 
2009; Peng et al., 2010; Haywood et al., 2013]. Others compare the precipitation response 
between models and observations qualitatively only. For example, Joseph and Zeng [2011] 
compare the observed precipitation response over tropical land regions to the most recent 3 
eruptions with simulations from a model of intermediate complexity with a slab ocean and 
find the observed and modelled response to be similar. However, Anchukaitis et al., [2010] 
find that paleo-drought indices and GCM simulations disagree over SE Asia. Previous 
studies that formally detect the influence of external forcing on precipitation through optimal 
fingerprinting techniques tend not to focus specifically on volcanoes, but note that time 
series of volcanic forcing appears correlated with global mean land precipitation [e.g. 
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Lambert et al., 2004; Lambert et al., 2005]. However, Gillett et al. [2004] detected the 
influence of volcanic eruptions on a 5 year smoothed time series of global mean land 
precipitation using the Parallel Climate model. Nevertheless there is scope to perform a 
detection analysis that is more targeted at volcanic eruptions through combining it with 
epoch analysis, focusing on interannual variability and incorporating information on the 
spatial patterns of response. This would be valuable given that these previous detection 
studies suggest the magnitude of the precipitation response to eruptions is underestimated by 
models, whilst internal variability and the precipitation response to greenhouse gases also 
appear underestimated [Zhang et al., 2007; Polson et al., 2013a; 2013b]. Finally, with the 
exception of Lambert et al. [2005], which does not specifically focus on volcanic forcing, 
most modelling studies are based on a single model, and a multi-model study would be 
valuable in assessing whether the response of precipitation to eruptions is consistent between 
models. 
The response of rivers to volcanic eruptions is an area that has not been studied much and 
has real implications for the people who depend on them. Rivers also integrate surplus 
precipitation over a drainage basin, reducing noise associated with localised precipitation 
events. Existing studies either focus on the global response of streamflow to individual 
eruptions [Trenberth and Dai, 2007] or focus on a small number of river basins [Oman et al., 
2006b; Timmreck et al., 2012]. There have not yet been any studies that look at streamflow 
changes across multiple eruptions or that analyse results for a large number of basins either 




1.4 Aims and objectives of this thesis 
Aim 
The aim of this thesis is to further understanding of the effect of large explosive volcanic 
eruptions on the hydrological cycle. 
Objectives 
- To identify robust features of the precipitation response to large explosive volcanic 
eruptions on regional and seasonal scales by averaging the response across multiple 
eruptions, using a combination of observational datasets and climate model 
simulations. In order to clearly identify the response, significance testing, removing 
the influence of ENSO and testing sensitivity to choice of dataset and model is 
important. 
- To draw quantitative comparisons between the observed precipitation response and 
that simulated by climate models, including a detection analysis tailored specifically 
to the volcanic response. This includes establishing whether climate models 
underestimate the magnitude of the precipitation response as suggested by previous 
studies. 
- To investigate the response of streamflow to volcanic eruptions using observational 
records from major rivers worldwide, both individually and grouped into regions 
informed by the modelled precipitation response. This again includes significance 
testing and removing the ENSO influence. 
1.5 Thesis outline  
Chapter 2 is an adaptation of a published paper (Iles, C. E., G. C. Hegerl, A. P. Schurer and 
X. Zhang (2013), The effect of volcanic eruptions on global precipitation, J. Geophys. 
Res.,118(16) , 8770–8786, doi:10.1002/jgrd.50678). In this chapter the robust features of the 
precipitation response to volcanic eruptions are investigated using an ensemble of last 
millennium runs of the climate model HadCM3, comparing to a gauge-based land 
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precipitation dataset for twentieth century eruptions. This involves using epoch analysis to 
investigate the regional and seasonal aspects of the volcanic precipitation response in greater 
detail than has been done previously, including breaking the response into land and ocean, 
extratropics, and wet and dry tropical regions. The effects of removing the influence of 
ENSO are investigated, and significance of results tested through a Monte Carlo technique. 
A detection analysis is performed that builds on previous detection studies by specifically 
targeting the volcanic response and incorporating spatial information. The hydrological 
sensitivity (change of precipitation per unit temperature) is calculated for volcanic forcing 
for the first time and is compared to values for greenhouse gases and internal variability. Key 
findings include: the tropical wet regions get drier, including monsoon regions, and dry 
ocean regions wetter following eruptions, which is the opposite pattern to that predicted 
under global warming; the magnitude of the modelled precipitation response is 
underestimated in the boreal cold season, originating from the wet tropics; and HadCM3 
simulates a long ocean precipitation response  (5 years) that follows the near-surface air 
temperature response, while the precipitation response over land is faster and shorter lived (3 
years), following AOD and a reduction in land-ocean temperature contrast. 
Chapter 3 is an adaptation of a paper submitted to Environmental Research Letters (Iles and 
Hegerl 2014, The global precipitation response to volcanic eruptions in the CMIP5 models). 
In this chapter the analysis in Chapter 2 is extended to models forming part of the CMIP5 
(Coupled Model Intercomparision Project Phase 5) archive to see whether the features 
identified using HadCM3, including the underestimate of the magnitude of the precipitation 
response, are robust across CMIP5 models. Many of these models are more recent than 
HadCM3, with higher resolutions and extend further into the stratosphere. This is the first 
multi-model study focusing on the post-volcanic precipitation response.  Model results are 
compared to a satellite dataset containing ocean coverage, making it the first epoch-style 
study on observed ocean precipitation data and the first time the influence of volcanic 
eruptions has been formally detected in a dataset that includes ocean coverage Results 
proved robust to using alternative observational datasets. The main precipitation response 
features identified in HadCM3 are also found in CMIP5, including the long ocean response 
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and the underestimate of the magnitude of response in the boreal cold season. In addition, the 
ITCZ is found to shift away from the hemisphere with the greater concentration of aerosols 
in response to individual eruptions in the multi-model mean. 
In Chapter 4 the influence of volcanic eruptions on streamflow is investigated by performing 
epoch analysis on historical records from 50 major world rivers spread across the globe. 
Rivers are examined both individually and combined into regions, informed by the modelled 
precipitation response, in order to improve signal to noise ratios. The influence of ENSO is 
removed and significance of results is tested through a Monte Carlo technique. This is the 
first study to analyse the streamflow response across multiple eruptions and to examine the 
response of many rivers worldwide. Individual rivers undergoing a significant response 
included the Amazon, Congo, Nile, Orange, Ob, Yenisey and Yangtze. For the regional 
analysis a significant decrease in streamflow was found in northern South America, Central 
Africa, high latitude Asia, and the wet tropical regions as a whole, and a significant increase 
in southern South America, and SW North America as expected from the modelled 
precipitation patterns. A publication based on this chapter is in preparation. 
Finally in Chapter 5 the main findings of this thesis are summarised, the main challenges and 
limitations outlined, wider implications of the findings discussed and ideas for further 




Chapter 2: The effect of volcanic eruptions on global precipitation 
Declaration 
This chapter is adapted from a published paper on which I am the first author and Gabi 
Hegerl, Andrew Schurer (both School of Geosciences, University of Edinburgh) and Xuebin 
Zhang (Climate Research Division, Environment Canada) are co-authors: Iles, C. E., G. C. 
Hegerl, A. P. Schurer and X. Zhang (2013), The effect of volcanic eruptions on global 
precipitation, J. Geophys. Res.,118(16) , 8770–8786, doi:10.1002/jgrd.50678. I performed 
the data analysis and wrote the manuscript, my supervisor Gabi Hegerl provided scientific 
advice and edited the manuscript, Andrew Schurer provided the model data and Xuebin 
Zhang provided the precipitation dataset. All three proofread the manuscript and gave 
feedback. My second supervisor Simon Tett also contributed through scientific discussion. 
The paper’s introduction has been significantly shortened to avoid repetition, and the deleted 
material moved to the main introduction in Chapter 1. 
2.1 Introduction 
In this chapter robust features of the precipitation response to 18 large low-latitude volcanic 
eruptions that occurred between 1400 and 2000 are identified using an ensemble of 11 
HadCM3 simulations, analyzing the response separately for climatologically wet and dry 
regions. The difference in timing between the land and ocean precipitation response is 
examined and the sensitivity of global precipitation to forcing is calculated. The extent to 
which the main land precipitation features identified in response to 18 eruptions in HadCM3 
can also be identified in observational gauge data for 5 twentieth century eruptions is then 
examined. The extent to which model and observations agree is then assessed through 
performing a detection analysis that regresses the observed patterns onto the model patterns 
and determines whether precipitation variability not associated with volcanism can generate 
comparable regression coefficients. This builds on previous detection studies [Lambert et al., 
2004; 2005; Gillett et al., 2004], by specifically targeting the volcanic response through 
focusing on interannual timescales and including information about the spatial patterns of 
response. Results are shown to be robust to using an alternative observational dataset. 
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Section 2.2 describes the observational data and model runs used, Section 2.3 outlines the 
methods employed, whilst results are presented and discussed in Section 2.4, and 
conclusions drawn in Section 2.5. 
2.2 Data 
2.2.1 Observational data 
The observational precipitation dataset used is an updated version of that detailed in Zhang 
et al. [2007] (hereafter Z07). This is a 5x5 degree gridded gauge based dataset that runs from 
January 1900 to December 2009. It uses a subset of stations from version 2 of the Global 
Historical Climatology Network’s (GHCN) precipitation dataset [Vose et al., 1992] that have 
at least 25 years of data during the 1961-1990 base period and at least 5 years of data in 
every decade from 1950-1999  [Z07]. Data are stored as monthly anomalies with respect to 
this base period. Half year values for the boreal cold (November-April; NDJFMA) and warm 
seasons (May-October, MJJASO) were calculated by taking the mean of the monthly 
anomalies where there were at least four months of data present in a given season. We 
present results for these half year seasons rather than traditional seasons since they capture 
the main differences in the precipitation response between the cold and warm seasons, whilst 
signal to noise ratios are improved relative to seasonal or monthly values. Results were very 
similar when using 3-month seasons (not shown).  
In order to test whether results were robust to using a different dataset, the analysis was 
repeated using the Global Precipitation Climatology Centre’s (GPCC) Full Data Reanalysis 
Version 6 [Becker et al., 2013]. This is a 2.5 x 2.5 degree resolution gauge dataset that runs 
from January 1901 to December 2010. Whilst Z07’s dataset focuses on homogeneity through 
time, GPCC makes use of as many station records as possible (67200 stations with at least 10 
years of data) and is spatially interpolated, giving complete land coverage over the time 
period. These differences lend themselves well to testing how sensitive results are to the 




2.2.2 Model runs 
We used simulations from the coupled climate model HadCM3. This comprises a 3.75x2.5 
degree lon-lat resolution atmospheric model, with 19 levels in the vertical and an upper 
boundary at 10 hPa. This is coupled to an ocean model of 1.25 degree horizontal resolution 
with 20 vertical levels [Pope et al., 2000; Gordon et al., 2000]. HadCM3 has been used 
extensively in the literature and can be used to simulate climate change over millennia since 
it is not too computationally expensive [Schurer et al., 2014]. Having a relatively low upper 
boundary in the atmosphere it may not capture the observed Northern Annular Mode 
circulation responses in the cold season [Stenchikov et al., 2006; Tett et al., 2007], although 
recent studies found no improvement when using models with much higher vertical extents 
and stratospheric resolution [Charlton-Perez et al., 2013; Driscoll et al., 2012]. Many 
aspects of the hydrological cycle are well represented by HadCM3, although the Hadley and 
Walker circulations are too strong, resulting in an overestimation of precipitation in wet 
regions, whilst evaporation is overestimated in tropical and subtropical regions [Pardaens et 
al., 2003; Inness and Slingo 2003; Turner et al., 2005]. The Asian monsoon is reasonably 
well simulated [Annamalai et al., 2007], as is ENSO variability [Collins et al., 2001; Joseph 
and Nigam, 2006], (see also Section 2.3.3). We found that both the main features of the 
precipitation response in HadCM3 and the detection analysis results were consistent with 
results of models from the CMIP5 archive (see Chapter 3 and C .E. Iles, G.C Hegerl, The 
global precipitation response to volcanic eruptions in the CMIP5 models, submitted to 
Environmental Research Letters, 2014). Hence we consider this model appropriate to study 
the large scale precipitation response to volcanism. 
We used all 11 runs available to us that were forced by volcanic aerosols. Some of these also 
included other external forcings (for more detail see Schurer et al. [2014]). They all span the 
years 1400-2000. The ‘ALL’ ensemble consists of 4 runs that were forced with historical 
changes in greenhouse gas forcing, variations in solar activity, volcanic aerosols, land use 
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change, anthropogenic aerosols, tropospheric and stratospheric ozone and orbital variations. 
The ‘NoLUSE’ ensemble consists of 4 runs with the same forcings as the ‘ALL’ ensemble 
but with land use fixed at 1400 conditions. Finally, the ‘VOLC’ ensemble consists of 3 runs 
forced with historical volcanic aerosols (Figure 2.1) whilst other forcings were kept constant 
at 1400 conditions or excluded in the case of anthropogenic aerosols. All 11 ensemble 
members were used throughout this analysis. Since the analysis focuses on changes within a 
decade following eruptions relative to the preceding 5 years, the difference in the slower 
varying forcings should not matter. We tested this for the global mean precipitation response 
(Figure 2.2) and the spatial patterns (not shown) and found the response to be 
indistinguishable between ensemble types.  
The volcanic forcing dataset used is that detailed in Crowley et al. [2008] (Figure 2.1a). This 
is a reconstruction of aerosol optical depth (AOD) in 4 latitudinal bands based on ice core 
records from Antarctica and Greenland, calibrated to satellite estimates of AOD for the 1991 
Pinatubo and much smaller Hudson eruption. The Hansen et al. [2002] AOD dataset is 
shown from 1850 onwards for comparison and is based on satellite, aircraft, balloon and 
ground-based observations [Hansen et al., 2002]. The volcanic forcing is implemented in 
HadCM3 as stratospheric aerosols with a constant size distribution, specified in 4 latitudinal 
bands. They are distributed evenly across all layers above the tropopause in the vertical, with 
a uniform mass mixing ratio [Jones et al., 2005]. The aerosols interact with radiation, such 
that the lower stratospheric warming effect is reproduced as well as the surface cooling [Tett 
et al., 2007].  
2.3 Methods 
There are three main components to the analysis. The first is to identify robust features of the 
precipitation response to strong eruptions in HadCM3 with full data coverage, using a large 
ensemble of eruptions over the period 1400-2000. Secondly, we examine whether these 
features identified in HadCM3 can also be seen in response to 20th century eruptions in the 
observations, and how closely HadCM3 matches the observations for these same eruptions 
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when it is masked to replicate the observational data spatial coverage. Lastly, we determine 
whether the observed land precipitation response following volcanic eruptions is detectable 
against internal variability, sub-dividing the global response into the northern hemisphere 
extratropics, tropical wet and dry regions. 
2.3.1 Selection of volcanic events 
Since precipitation is very variable, a technique called epoch analysis was used. This 
involves averaging the response across multiple eruptions in order to reduce internal 
variability and make the volcanic influence clearer. For the model response, eruptions with 
peak global mean AOD >0.05 whose aerosol clouds affected both hemispheres were chosen, 
based on Crowley et al. [2008]’s data (Figure 2.1a). This ensures that eruptions should be  
 
Figure 2.1. (a) Aerosol optical depth (AOD) from Crowley et al. [2008]: global mean AOD (black), 
Northern Hemisphere (green), Southern Hemisphere (red). Hansen et al. [2002] AOD is shown in 
blue for comparison. Black asterisks indicate eruptions used for the 1400-2000 HadCM3 results, red 
asterisks denote eruptions used for the 20th century analysis. Black horizontal line denotes the 0.05 
AOD cut-off used for selecting the 18 eruptions for the climate model results and applies to the global 
mean AOD. (b) Time series of simulated global mean precipitation for 1400-2000 from all 11 
ensemble members of HadCM3, expressed as anomalies with respect to the 1400-2000 climatology. 
Thick black line is the ensemble mean, ensemble members are shown in grey and eruptions dates are 















Start month of 




 July  1442 1442 Oct 1441 
1455 1
st
 July  1456 1456 Oct 1455 
1575 1
st
 July  1576 1576 Oct 1575 
1593 1
st
 July  1594 1594 Oct 1593 
1600 1
st
 Jan Huaynaputina, Peru 
16.61°S, 70.85°W 
1601 1600 April 1600 
1640 1
st
 July Philipines 1641 1641 Oct 1640 
1673 1
st
 Jan Indonesia 1674 1673 April 1673 
1694 10
th
 March  1695 1694 July 1694 
1809 1
st
 Jan  1810 1809 April 1809 
1815 mid April Tambora, Indonesia 
8.25°S, 118.00°E 
1816 1815 Aug 1815 
1831 10
th
 Sept  1832 1832 Jan 1832 
1835 20
th
  Jan Cosiguina, Nicaragua 
12.98°N, 87.57°W 
1836 1835 May 1835 
1861 1st Dec  1863 1862 March 1862 
1883 mid August Krakatau, Indonesia 
6.10°S, 105.42°E 
1884 1884 Dec 1883 
1902 24
th
 Oct* Santa Maria, Guatemala 
14.76°N, 91.56°W 
1903 1903 Feb 1903 
1912 6th June** Novarupta,  
Alaska 
58.27°N, 155.16°W 
1913 1913 Oct 1912 
1963 mid March* Agung, Indonesia 
8.34°S, 115.51°E 
1964 1963 July 1963 
1982  28 March* El Chichon, Mexico 
17.36°N, 93.23°W 
1983 1982 July 1982 
1991 15th June* Pinatubo, Philippines 
15.13°N, 120.35°E 
1992 1992 Oct 1991 
 
a
Eruption dates were defined as the date at which aerosol could first be seen in the Crowley et al. 
[2008] dataset for a given eruption. This was set to 1
st
 Jan or 1
st
 July where more precise eruption 
dates were unknown. Dates for the 1902, 1912, 1963, 1982 and 1991eruptions were obtained from the 
Global Volcanism Project http://www.volcano.si.edu/world/largeeruptions.cfm. 
b
Locations are taken from Hegerl et al. [2011], except for the 20th century eruptions which are from 
the Global Volcanism Project. All eruptions are low-latitude except the 1912 Novarupta eruption. 
c
The year for NDJFMA refers to the year of the months January-April rather than November-
December. 
* Denotes eruptions also used for the 20th century analysis 
** The 1912 eruption was used for the 20th century analysis, but was omitted for the 1400-2000 
model one as it is a high latitude eruption. 
 
large enough to have an effect on climate, whilst excluding high latitude eruptions. For 
reference the 1991 Pinatubo eruption had a peak global mean AOD of 0.16 and the 1963 
Agung eruption 0.06 using this same data. 18 eruptions were selected through this method 
(Table 2.1). For the 20th century, the 5 largest eruptions as measured by global mean AOD 
were chosen (Figure 2.1a, Table 2.1). These are low latitude apart from Novarupta in 1912. 
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We do not take into account differences in seasonal timing of eruptions as [Toohey et al., 
2011] find this makes little difference to all-sky short wave radiative flux for a Pinatubo-
sized eruption (17Tg SO2 injection), although  it does make a difference for super-eruptions 
(700Tg SO2). Figure 5.1 shows the observed spatial patterns of precipitation response to 
these 5 twentieth century eruptions to give an indication of whether averaging across them is 
justified. There are features that are fairly consistent across eruptions, e.g. drying in southern 
Africa and southern Europe in boreal winter, and in equatorial Africa in summer, although in 
other locations the response is either less consistent, or obscured by noise. 
2.3.2 Epoch analysis 
For each eruption and grid cell, precipitation anomalies for each of the 10 years following 
the eruption, or up until the next eruption if that occurred first, were calculated with respect 
to a 5 year pre-eruption mean [see also Hegerl et al., 2003, 2011; Fischer et al., 2007]. This 
minimizes the effect of trends or low frequency climate variability on our results, for 
example due to increasing greenhouse gases in the 'ALL' and 'NoLUSE' runs. We then 
averaged across all the eruptions for each grid cell before making spatial averages. We 
define “year 1” as the first season in question that starts after the eruption date. For example, 
if the eruption went off in June 1991, year 1 for NDJFMA would be 1992 (defined as the 
calendar year that January to April falls in rather than November and December), and year 1 
for MJJASO would be 1992. Volcanic aerosols take a few months to spread out globally and 
reach their peak forcing [Ammann et al., 2003]. This is why we do not use MJJASO 1991 as 
year 1. “Year 0” would then be 1991 for both seasons, and year 2 1993. This means that in 
some cases year 0 contains some degree of volcanic forcing. Table 2.1 defines year 1 for 
both seasons for each eruption used. Where annual data are used for epoch analysis, the start 
month of year 1 is defined as occurring 3 complete months after the eruption date. 
For Z07’s data, which has variable spatial coverage through time, we set a requirement of at 
least 2 out of 5 years of data being present for calculating the pre-eruption mean for a given 
eruption before a grid cell was used. Requiring more years made little difference to results, 
whereas requiring only one made a much more noticeable difference (not shown). There 
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were only 2 years of data available for making the pre-eruption mean for the 1902 eruption 
since the dataset starts in 1900, so both of these years were required to be present (for GPCC, 
which starts in 1901, and for Z07 data in Figure 2.10 for comparability with GPCC, the pre-
eruption mean for 1902 was augmented with data starting from 5 years after the eruption, 
when the land precipitation response will have decayed. When presenting spatial patterns 
data are sometimes expressed as percent of climatological precipitation, since otherwise 
some impact-relevant changes are overwhelmed by large changes in very wet regions in the 
tropics. In that case, percentages are calculated for a given grid cell as the anomaly divided 
by the grid point climatology for the full analysis period (i.e. 1400-2000) times 100. For 
spatial averages absolute values were used to avoid overemphasis of changes in very dry grid 
boxes. Where HadCM3 is compared to Z07’s data for the 20th century eruptions, it was first 
regridded and masked to match the observational data coverage. 
Significance of the average precipitation response to volcanic eruptions was assessed using a 
Monte Carlo technique. For seasonal data the analysis described above was repeated 1000 
times using randomly selected years as year 0, and only results beyond 5-95% of these 
Monte Carlo results were considered significant. This meant choosing 5 random eruption 
years per cycle for the 20th century results, and 18 for the 1400-2000 model results and 
using these to conduct an epoch analysis (see for example Fischer et al. [2007], Hegerl et al. 
[2003, 2011]). This led to 1000 epoch analysis results based on random years, which were 





percentiles of the range of results. The same random year was not allowed to be chosen twice 
per cycle to replicate the observed distribution. When using annual data, a random eruption 
month had to be chosen as well as a year and so 10,000 cycles were run due to the increased 
number of possible random eruption dates.  
When performing Monte Carlo analysis on the observed or masked model spatial patterns 
the situation is complicated by changing spatial data coverage through time. For a given grid 
cell and Monte Carlo cycle not every randomly selected eruption has data. The number with 
data can also change between Monte Carlo cycles. For each grid cell and post-eruption year 
(e.g. year1, year2 etc.) we use only random eruption combinations in which the number of 
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eruptions with data is the same as for the real eruptions, and discard combinations with less. 
If more random eruptions have data than was the case for the real eruptions we choose a 
random sub-selection of them. To make sure that enough useable eruption combinations are 
available for all grid cells, we performed 5000 cycles rather than 1000. We allowed overlap 
with the next eruption for the spatial patterns analysis. This is because the real eruptions are 
fairly well spaced, meaning that up until and including year 8 there is no overlap with 
subsequent eruptions. However, the random eruptions tend to be less well spaced, and 
truncating data at the time of the next eruption  means that if all 5 real eruptions had data in 
year 8, it is less likely that all 5 random eruptions will, reducing the number of usable 
random eruption combinations for later years overall.  
2.3.3. Removing the ENSO influence 
The El Nino Southern Oscillation (ENSO) has a large influence on global precipitation 
patterns, tending to decrease precipitation over land and increase it over the ocean during El 
Nino years, and vice versa for La Nina years [Gu et al., 2007; Gu and Adler, 2011; Liu et al., 
2012]. Regressing out its influence enables the volcanic precipitation response to be seen 
more clearly and avoids confusing it with ENSO variability. This is particularly the case for 
observational data where there are few eruptions to average over, and where the most recent 
three eruptions were followed by El Nino events, albeit a weak one for the 1963 Agung 
eruption. For results based on the model ensemble mean, the large number of ensemble 
members, each with different natural variability, overcomes this problem as does the large 
number of eruptions used for the 1400-2000 results. Nevertheless we removed the ENSO 
influence from the model when performing a detection analysis for consistency (Section 
2.4.2).  There has been debate in the literature about whether or not volcanic eruptions can 
trigger El Nino events (see discussion in Section 1.2.2). We find no evidence of an El Nino 
response to eruptions in our HadCM3 runs. Because of this and the findings of Self et al. 
[1997] and Chen et al. [2004] detailed in Section 1.2.2, we ignore the possibility of a link 
between volcanic eruptions and El Nino events in this study. 
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We used the cold tongue index (CTI) as a measure of ENSO. This is defined as the average 
sea surface temperature (SST) anomaly over the 6°N-6°S, 180-90°W region in the central-
eastern pacific, minus the global mean SST anomaly. Due to this subtraction, the CTI index 
should be less affected by a general cooling of global SSTs following eruptions compared to 
Nino 3.4 for example; nor will it be affected by global warming. CTI data for the 20
th
 
century were obtained from the Joint Institute for the Study of the Atmosphere and Ocean 
(JISAO) at the University of Washington (available at 
http://www.jisao.washington.edu/data/cti/). This index has been used in other studies of 
interannual and decadal climate variability, e.g. Zhang et al. [1997]; Kenyon and Hegerl 
[2008, 2010]; and yields similar results to using Nino 3.4 [Kenyon and Hegerl, 2008].  
For each grid cell and season, a regression coefficient for precipitation on CTI was 
calculated, using detrended time series of half year values for non-volcanically influenced 
years (i.e. not year 0 to 5 following an eruption). These coefficients were then used to 
calculate the ENSO-related precipitation anomalies for their respective grid cells, which 
were then subtracted from the actual precipitation to arrive at non-ENSO related 
precipitation. Removing the ENSO influence decreases the standard deviation of the 
observed global mean annual time series of land precipitation from 0.062 mm day
-1
 to 0.045 
mm day
-1
 (Figure 2.8). We also removed the ENSO influence from the twentieth century 
model results and found that it made very little difference to the ensemble mean (not shown). 
We therefore present only the raw model results without removing the ENSO influence, with 
the exception of the detection analysis in Figure 2.12. For the latter, ENSO-precipitation 
regression coefficients were defined for each ensemble member separately and the ENSO 
influence was removed from each member before averaging across the ensemble. The 
ENSO-related precipitation patterns in the model and observations were very similar, except 
that the area of increased precipitation associated with El Nino events in NDJFMA extends 
too far into the Western Pacific in the model, in agreement with the findings of Joseph and 
Nigam, [2006]. HadCM3 simulates the amplitude, frequency and seasonal phase locking of 
ENSO variability well, whilst its SST footprint is reasonable but extends too far westwards 




2.4.1 Climate model results 
A clear decrease in global mean precipitation can be seen following eruptions in the 
HadCM3 runs, both in the ensemble mean and ensemble members, the size of which appears 
to be related to the magnitude of the volcanic forcing (Figure 2.1b). A clear, highly 
significant reduction can also be seen when averaging across these 18 eruptions, both for the 
global mean (Figure 2.2a) and when land and ocean are examined separately (Figure 2.2b 
and 2c respectively), in agreement with previous studies [e.g. Robock and Liu, 1994; 
Trenberth and Dai, 2007; Schneider et al., 2009; Gu et al., 2007; Gu and Adler, 2011].  This 
reduction is more rapid and of greater magnitude over land than ocean, the ensemble mean 
reaching a minimum of -0.05 mm day
-1
 over land in year 1 (which is -2.3% of the global land 
pre-eruption mean) and remaining significant until year 3, compared to a minimum of 




3 for the ocean, remaining significant until year 7. 
We compared the timing of the global precipitation and near surface air temperature 
response to eruptions over land and ocean to gain insight into the difference in timing of the 
precipitation response (Figure 2.3). Findings were consistent when the tropics were 
examined separately (not shown).  Over ocean, precipitation and temperature decrease on a 
similar timescale to each other. This is consistent with the model results of Joseph and Zeng 
[2011] who find that evaporation lags SSTs by 1 month and that precipitation responds one 
month after that, suggesting that precipitation changes are being driven by changes in SSTs. 
In contrast, over land we find that precipitation responds before temperature, also in 
agreement with Joseph and Zeng [2011]. We plot the anomaly in land minus ocean 
temperature (Figure 2.3) and find that it correlates reasonably well with land precipitation, 
suggesting that weakening of monsoon circulations may be involved [e.g. Cao et al., 2012, 
Peng et al., 2010]. We also plot aerosol optical depth (Figure 2.3), which matches the 
timescale of the land precipitation response very well, implying also a directly forced 
component. In contrast, Gu and Adler [2011] found that precipitation led temperature over 
both land and ocean, based on an analysis of a merged satellite and gauge dataset (GPCP 
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[Adler et al., 2003]) for the Pinatubo and El Chichon eruptions. This, however, might be 





Figure 2.2. Average precipitation response to 18 large low latitude volcanic eruptions in HadCM3, 
global mean (a), global land areas (b) and global ocean (c). Thick black line is the ensemble mean 
response, colored lines are ensemble members (red- “ALL” ensemble, green- “VOLC” and blue- 
“NoLUSE”. Black dashed lines denote the 5-95% confidence limits for the ensemble mean based on a 





Figure 2.3. Ensemble mean average global precipitation (blue) and 1.5m air temperature (red) 
response to 18 eruptions in HadCM3 over land (solid) and ocean (dashed). Orange line is the anomaly 
in land minus ocean temperature. Black dashed line is global mean AOD from Crowley et al., [2008]. 
 
Figure 2.4 shows the ensemble mean spatial patterns of precipitation response to 18 
eruptions in the 4 cold and warm seasons following the eruptions. The patterns are broadly 
the opposite of, but physically consistent with projections under climate change in which the 
wet regions get wetter and the dry regions get drier with warming [Held and Soden, 2006; 
Trenberth, 2011; see also Meehl et al., 2007 Figure 10.9 and 10.12]. They generally agree 
with the volcanic response found in other recent modeling studies [e.g., Schneider et al., 
2009; Joseph and Zeng, 2011]. The main areas exhibiting drying are the extratropics and the 
monsoon regions in their respective warm season, with the exception of the monsoon regions 
of India and Papua New Guinea, which get wetter. An increase in rainfall is seen over 
northern Africa, the Middle East, the Southern Indian Ocean and the Atlantic subtropics. 
These patterns shift northwards in MJJASO relative to NDJFMA, following the passage of 
the overhead sun. This monsoon response and seasonal shift agree with the model results of 
Joseph and Zeng [2011]. The main features of the response persist until year 3 or 4 although 





Figure 2.4. HadCM3 ensemble mean precipitation response to 18 eruptions for four years following 
the eruptions, expressed as percentage changes relative to grid cell climatology. Dots indicate 




2 to fully establish (see also Figure 2.2) and then remains more stable over time, with the 
exception of the Pacific. There is little evidence of a positive NAO pattern of precipitation in 
the boreal winter following the eruptions, consistent with the findings of Tett et al. [2007]. 
This lack of dynamic response also occurs in CMIP5 models, and its cause is presently not 
well understood [Driscoll et al., 2012]. Table 2.2 shows the number of grid cells exhibiting a 
significant response for each year and season in Figure 2.4 compared to that expected by 
chance.  The percentage of grid cells experiencing a significant drying is well above what we 
would expect by chance until around year 6. There are also more grid cells than expected 
that get significantly wetter, but to a lesser extent and only until year 3 or 4. 
Table 2.2 Percentage of grid cells showing a significant precipitation change at each year following 
eruptions in the HadCM3 1400-2000 runs
a
  
  yr0 yr1 yr2 yr3 yr4 yr5 yr6 yr7 yr8 yr9 yr10 
cold  
season 
drier 3.0 23.7 38.2 32.8 20.9 13.4 6.6 11.3 4.3 6.7 6.0 
 wetter 5.7 10.8 9.8 9.5 5.3 3.7 3.2 4.3 4.0 2.6 3.9 
warm  
season 
drier 4.4 25.4 36.1 29.7 19.4 13.3 11.4 7.2 4.2 4.1 8.3 
 wetter 5.4 13.2 13.8 10.4 7.8 3.5 5.6 4.6 3.0 3.5 5.3 
a 
Grid cells that get significantly “drier” are those with anomalies less than the 5
th
 percentile derived 
from a Monte Carlo technique, grid cells that get significantly “wetter” are greater than the 95
th
 




Previous studies find shifts in the position of the Intertropical Convergence Zone (ITCZ) in 
response to volcanic forcing. Since hemispherically symmetric volcanic forcing causes a 
greater reduction in temperature in the summer hemisphere relative to the winter one, the 
ITCZ should not migrate as far polewards as it normally would [Schneider et al., 2009; 
Yoshimori and Broccoli, 2008; Stenchikov, pers. com., 2012]. However, the ITCZ also shifts 
away from the hemisphere with the greater concentration of aerosols in response to 
asymmetric forcing [e.g. Haywood et al., 2013]. There is some evidence of a shift in the 
position of the ITCZ in Figure 2.4. For example in NDJFMA there is a northward shift in the 
Atlantic in years 2-4 and a northward shift of the South Pacific Convergence zone in years 1-
2. Over the Indian Ocean there appears to be a southward shift. In MJJASO there is a 
southward shift over the Pacific in year 2 and over the Atlantic in year 1. These shifts for 
year 2 are clearer in Figure 2.5e-f. Since these results are the average of multiple eruptions 
whose aerosol clouds are biased towards different hemispheres, the ITCZ shifts will be 
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confused. ITCZ shifts in response to individual eruptions are explored in Chapter 3. Overall, 
however, the precipitation response patterns appear to be better explained by changes in the 
Hadley circulation and a weakening of the monsoon circulations.  
To explore this further we split the tropical and subtropical region into climatologically wet 
and dry regions which has been shown to help capture precipitation changes due to radiative 
forcing, e.g. Allan et al. [2010], Liu et al. [2012] and Chou et al. [2013]. A cut-off of 40° 
latitude was chosen between the tropics/subtropics and extratropics (41.25° for the 1400-
2000 model results) .This choice was based on the edge of the subtropical regions that get 
wetter following eruptions in Figure 2.4, but many of the model results are robust to using 
narrower or wider tropical/subtropical band. (We hereafter refer to this 40°N-40°S band as 
the “tropics”, although technically the tropics are limited to 23.3°N/S). The wet regions were 
defined as the climatologically wettest third of grid cells within this tropical band, whilst the 
dry regions were defined as the remaining two thirds. The driest and middle third were 
combined since they behaved similarly. The thirds were defined according to the ensemble 
mean climatology for the model results, and were defined separately for each season and 
after any land or ocean masking, or masking according to observational data coverage. This 
method was chosen as opposed to a set precipitation criterion since it can be applied to 
different datasets and the model whose climatological precipitation may differ in magnitude, 
or whose circulation patterns may differ from the observations. Our results are robust to 
using different criteria. Furthermore, when grid cells were classified as wet or dry regions 
based on individual ensemble members rather than the ensemble mean climatology, only 1-
1.5% of grid cells changed between wet and dry for the 1400-2000 results, and 5% for the 
masked twentieth century results. We chose not to move regions that are considered wet and 
dry between analysis years as Allan et al. [2010] do as our analysis focuses on year-to-year 
responses, which are quite noisy, particularly when based on observations. 
The wet regions show a clear and highly significant precipitation decrease for both seasons, 
and both over land and ocean, of around 0.16-0.18 mm day
-1 
(Figure 2.5). The land response 
is more rapid than the ocean response, peaking in year 1 rather than year 2, in agreement 




Figure 2.5 (a-d) HadCM3 ensemble mean tropical (40°N-40°S) precipitation response averaged across 
18 eruptions. Blue line is for the climatologically wet regions, red line the climatologically dry 
regions. Left column NDJFMA, right column MJJASO, top row is land precipitation, bottom row is 
ocean precipitation. Dashed lines indicate the 5-95% confidence limits, blue for the wet regions, red 
for the dry regions. (e-h) Ensemble mean spatial precipitation patterns for year 2 following the same 
18 eruptions, masked to show only the climatologically wet regions (e,f), and dry regions (g,h), 




significant increase in precipitation of 0.04 mm day
-1
 over the ocean, which is more short-
lived than the wet regions response. Over land the dry regions experience a small, but 
significant, decrease for NDJFMA and a small but insignificant decrease followed by a 
prolonged and significant increase for MJJASO. The similarity between the two seasons 
despite different spatial response patterns (Fig 5e-h) suggests that this wet-dry split captures 
the response well. Figure 2.5e-h shows the spatial patterns for year 2. The areas experiencing 
drying generally fit very well with the climatologically wet regions (Figure 2.5e-f). The 
ocean precipitation drying response over these wet regions persists until year 4 and seems to 
come from the ITCZ and South Pacific Convergence Zone. The climatologically dry regions 
are more spatially heterogeneous in their response (Figure 2.5g-h). Potential shifts in the 
position of the ITCZ and South Pacific Convergence zone can be seen as described above, 
leading to a visible divergence from the wet get drier paradigm, although this only affects a 
small fraction of the area. Results mostly seem to suggest changes in monsoon and Hadley 
circulations, although the more noisy response over dry land areas could be due to limited 
moisture availability. 
A significant decrease in precipitation can be seen for the extratropics, for both seasons, and 
for both land and ocean (Figure 2.6). However, the Southern Hemisphere extratropical land 
response is less clear, perhaps due to noise in this small spatial area. Apart from the southern 
hemisphere land, the precipitation response generally peaks in year 2 and remains significant 
until year 5 or 6. It is larger over ocean than over land with no obvious difference in timing 
between the two, in contrast to the results for the global mean and the tropics.  
Finally we examine how much annual global mean precipitation changes for a given change 
in temperature in response to volcanic forcing, greenhouse gases and due to internal 
variability (Figure 2.7). For this we used single forcing runs, i.e. the VOLC ensemble (3 
runs, forced only with volcanic aerosols, other forcings are kept constant at pre-industrial 
levels), and greenhouse gas only runs (GHG, 4 simulations), together with the 1200 year 
control run in which all forcings are held constant at 9
th
 century levels (see Schurer et al. 
[2014] for more detail). For the VOLC runs we plot the ensemble mean global precipitation 
anomaly for each eruption against the corresponding temperature anomaly relative to the 
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global-scale 5-year pre-eruption mean, separately for each of the 4 years following the 
eruptions. The temperature-precipitation relationship associated with interannual internal 
variability is shown using data from the control run (grey crosses). For the effect of 
greenhouse gases we plot the precipitation difference for the 1980-1999 mean minus 1840-
1859 mean for each run, against the equivalent for temperature, and plot a line from the 
ensemble mean result to zero.  
 
Figure 2.6. HadCM3 ensemble mean extratropical (40-90°) precipitation response averaged across 18 
eruptions. Left column NDJFMA, right column MJJASO, top row is land precipitation, bottom row is 
ocean precipitation. Black line is the Northern Hemisphere, green line is the Southern Hemisphere. 





The resulting slopes are 3.3 % K
-1
 for volcanic years in the VOLC runs compared to 2.7 % 
K
-1 
for non-volcanic years, 2.0 % K
-1 
for internal variability in the control run and 1.5 % K
-1 
for greenhouse gases. This greater sensitivity to shortwave forcing compared to greenhouse 
gases is consistent with other  studies [e.g. Liu et al., 2013; O'Gorman et al., 2012; Cao et 
al., 2012; Bala et al., 2008; Allen and Ingram, 2002; Yoshimori and Broccoli, 2008], 
although this is the first study to focus specifically on volcanic forcing. Global precipitation 
is linked to the amount of radiative cooling of the atmosphere to space, and both increase 
with warming. However, CO2 also reduces the ability of the atmosphere to radiate long-wave 
radiation to space, reducing the increase in precipitation with temperature [O'Gorman et al., 
2012; Allen and Ingram, 2002; Lambert and Allen, 2009]. Volcanic aerosols have a much 
smaller long-wave effect, whilst their influence is felt most strongly at the surface through 
reduced shortwave related heating and evaporation. Therefore precipitation is more sensitive 
to changes in volcanic aerosols than CO2 [Bala et al., 2008; Lambert and Allen, 2009; Allen 
and Ingram, 2002]. The slope for internal variability in the control run is predominantly due 
to ENSO variability [see also Allan and Soden, 2008]. 
 
Figure 2.7: Global mean annual mean temperature versus precipitation anomalies for volcanically 
influenced (red) and non-volcanically influenced (black) years for the ensemble mean of volcanic only 
driven simulations of the last millennium. Grey crosses show interannual variability for the control 
run, and blue crosses the 1980-1999 mean minus 1840-1859 from the greenhouse gas only runs, the 
blue line connects the ensemble mean change  (blue diamond) to zero. 
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2.4.2 Twentieth Century Results 
Having identified the main features of the precipitation response in HadCM3 with full data 
coverage and many strong eruptions, we now turn our attention to the observations. We will 
examine whether the precipitation response is identifiable given the larger amount of noise 
associated with fewer eruptions, a single representation of observed change rather than an 
ensemble as in the model results, and limited spatial coverage over land regions only. We 
also examine whether model and data are consistent. All 11 HadCM3 runs are regridded and 
masked according to observational data coverage, in order to assess to what extent they agree 
with the observational findings.  
 
Figure 2.8. Time series of observed and modeled global mean precipitation from 1900-2000 
(anomalies with respect to the 1961-1990 climatology). Red line indicates the observations, orange 
line the observations with ENSO influenced linearly regressed out, thick black line is the ensemble 
mean. Ensemble members (all 11) are shown in grey and eruptions dates are indicated by vertical 
black lines. 
 
Figure 2.8 compares the observed and modeled time series of twentieth century global mean 
land precipitation, with eruption dates denoted by vertical black lines. The volcanic response 
is less clear than it was in Figure 2.1b, although a reduction in precipitation can be seen in 
the ensemble mean following the 1963, 1982 and 1991 eruptions, and is also reflected in a 
downward shift of the ensemble envelope. A reduction can also be seen in the observations 
following the 1982 and 1991 eruptions. The magnitude of the observed response better 
matches the ensemble mean once the ENSO influence is removed (Figure 2.8). The delayed 
decrease after the 1963 eruption in the observations largely disappears once ENSO is 
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removed, whilst the reduction around 1912 coincides better with the eruption date after 
ENSO removal. 
When the precipitation response is averaged across all 5 twentieth century eruptions, a 
significant decrease in global mean land precipitation can be seen for both seasons in both 
the observations and the model ensemble mean when masked to replicate the observational 
coverage (Figure 2.9 a, b). Whilst the timescale of this response is similar between model 
and observations, the observed response is larger than the ensemble mean reaching 0.12 mm 
day
-1
 for NDJFMA compared to 0.03 mm day
-1
 for the model and 0.07 and 0.04 mm day
-1
 
respectively for MJJASO. In NDJFMA the model underestimate is significant, with the 
observed response lying outside the ensemble envelope at 2.94 ensemble member standard 
deviations away from the ensemble mean in year 1. Removing the ENSO influence brings 
the observed response closer to the ensemble mean, particularly for MJJASO, although the 
latter is no longer significant. In NDJFMA, whilst the observed response in year 1 is much 
closer to the ensemble mean after removing ENSO, in year 2 it is still significantly greater 
than the model response at 2.17 standard deviations away from the ensemble mean, with 
ENSO also removed from the model (not shown). El Nino events are associated with 
decreased precipitation over land [e.g. Gu et al., 2007; Liu et al., 2012]. Therefore given the 
coincidence of 3 of these 5 eruptions with El Nino events, we would expect removing its 
influence to decrease the apparent size of the volcanic response as seen in our results. We 
also removed the ENSO influence for all the model results in Figure 2.9 (not shown), but this 
made very little difference to the ensemble mean, due to the large number of ensemble 
members with different ENSO variability. 
Agreement between the model and observations is poor for the northern hemisphere 
extratropical land masses (Figure 2.9c, d) (the Southern Hemisphere extratropics are not 
shown due to poor data coverage).  The observations exhibit a significant peak in 
precipitation in year 0 for MJJASO (further analysis could not pin this to an individual event 
or cause, suggesting it to be due to spurious sampling variability), and a lesser insignificant 
one in year 1 for NDJFMA, both of which remain once the ENSO influence has been 




Figure 2.9 Average land precipitation response to 5 eruptions for (a,b) the globe, (c,d) the Northern 
Hemisphere extratropics (40-90°N), (e,f) climatologically wet tropical regions, and (g,h) 
climatologically dry tropical regions. Observations are shown in red, observations with ENSO 
influence linearly regressed out in orange, HadCM3 ensemble mean in black and ensemble members 
in grey. Vertical black line indicates timing of eruptions. Dashed lines are 5-95% confidence intervals: 
red applies to the observations, orange for the observations with ENSO influence removed, and black 




NAO pattern over Europe, characterized by wetter than average conditions in Northern 
Europe and drier conditions in southern Europe, which is present for 3 of 5 eruptions (see 
also Figure 2.11). In contrast, the model ensemble mean shows a significant drying for years 
2-3 in NDJFMA and an insignificant drying for years 0-4 in MJJASO and no visible NAO 
response consistent with findings for CMIP5 models [e.g. Driscoll et al., 2012]. 
The results for the entire tropical land masses (not shown) are very similar to but larger than 
those for the global land mean, suggesting that the global land mean largely reflects the 
precipitation changes over the tropics. The tropical land masses, in turn, seem to be mostly 
reflecting the wet tropical land regions, where changes are of larger magnitude still (Figure 
2.9 e, f). The observed tropical wet land regions decrease in NDJFMA is highly significant 
and lies outside the ensemble envelope, at 3.56 ensemble member standard deviations from 
the ensemble mean. When repeated as percentage changes to account for potential 
differences in climatological precipitation, the observations are still 2.3 standard deviations 
away from the ensemble mean (not shown). This drying signal largely comes from the 1991, 
1982 and to a lesser extent 1902 eruptions. The 1982 and 1991 eruptions have more weight 
due to better data coverage and are again coincident with El Nino, exaggerating the drying 
signal over land [e.g. Gu et al., 2007; Liu et al., 2012], but even with the ENSO influence 
removed the observed response remains significant and 2.04 standard deviations away from 
the ensemble mean. Investigating the cause of this discrepancy is beyond the scope of this 
paper, but possibilities include model errors in ocean heat uptake, climatology, SST 
response, monsoon responses or other circulation responses to eruptions.  Other possibilities 
include larger observed variability due to station data being sparse and recording point 
values rather than area ones, observational errors or incomplete removal of the ENSO signal. 
In MJJASO the observed decrease in the wet tropical land regions is not significant, but 
matches the size of the ensemble mean response better. However, there is a second larger dip 
in years 5-6, occurring after we expect the volcanic response to have decayed. This seems to 
be partly accounted for by ENSO variability in year 6. The modeled wet land regions 
response is significant for both seasons. The dry land region response in NDJFMA is not 
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significant for either the observations or ensemble mean (Figure 2.9g, h), whilst in MJJASO 
the observations appear very noisy. 
Observational results are broadly similar if GPCC data are used with their complete land 
coverage (Figure 2.10), and are very similar for the two observational datasets if only points 
where both have data are used (not shown). The main difference is that the agreement in 
magnitude between the masked model and observations for the global, tropical and tropical 
wet regions in MJJASO response is worse when GPCC is compared to HadCM3 using the 
full land coverage of GPCC (see Figure 2.10b for the global mean results); the observed 
response is larger than in Z07’s data, particularly for the wet tropics (not shown), and the 
model response is smaller using the larger area coverage. The degraded agreement with 
GPCC is possibly, at least in part, due to interpolation of sparsely data covered regions in 




Figure 2.10. Average global land precipitation response to 5 eruptions in 2 observational datasets with 
their original coverage, Zhang et al. [2007] (red), GPCC (blue), compared to  HadCM3 masked 
according to the GPCC coverage, ensemble mean (black) and ensemble members (grey), for 
NDJFMA (a) and MJJASO (b). 
 
We also repeated the 20th century analysis excluding the 1912 high latitude Novarupta 
eruption, and excluding both early 20th century eruptions, 1902 and 1912, when data 
coverage was poor. This did not make much difference to the observational results. Adding 
the two next biggest eruptions to the existing five (1907 and 1974), made the results noisier, 
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as these were quite small eruptions in comparison. The masked model results were broadly 
the same whichever eruptions were used. 
 
Figure 2.11. Average precipitation response to 5 eruptions for years 1 and 2 combined (mm per day). 
Observations (Zhang et al. [2007]) are shown on top, and the HadCM3 ensemble mean, masked 
according to the observational data coverage on the bottom. Stipples indicate significance at the 90% 
level (see also Table 2.3). Both the observations and model results are spatially smoothed (see text). 
 
Figure 2.11 shows the average spatial patterns for these twentieth century eruptions for 
Z07’s data and the masked model ensemble mean. Both are smoothed by a 5 point filter in 
which the central grid cell is given twice the weight of each of the adjacent four. Our 
observed patterns match the observational results of Trenberth and Dai [2007] and Joseph 
and Zeng [2011] fairly well, except that we do not see their drying signal over S.E Asia. The 
number of grid cells experiencing a significant change in precipitation for both the 
observations and the model for the 20
th
 century eruptions is fairly close to that expected by 
chance (Table 2.3), although  slightly higher in year 1 and years 1 and 2 combined, 
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suggesting that the spatial patterns are rather noisy. The patterns in Z07’s data are of much 
greater amplitude than those in HadCM3, at least in part due to the cancellation of noise in 
the ensemble mean.  The monsoon regions response is less clear in both the masked model 
and observations than it was for the 18 eruptions model case. There appears to be a 
southward shift of the ITCZ over Africa in MJJASO in year 1 (not shown), in agreement 
with the findings of Stenchikov [pers. com, 2012] over the same region in summer. This is 
not seen in the model data for the 20th century eruptions, nor for the 18 large eruptions. 
There is also a positive NAO-like pattern in year 1 in NDJFMA in the observations, and a 
similar but much weaker insignificant pattern in the model.  The observed spatial patterns 
look very similar if GPCC is used instead of Z07’s data.  
 
Table 2.3 As for Table 2.2 but for Zhang et al. [2007]’s observational data and the HadCM3 ensemble 
mean masked according to the observational coverage for the twentieth century. 
Obs  yrs1+2 yr0 yr1 yr2 yr3 yr4 yr5 yr6 yr7 yr8 yr9 yr10 
cold  
season 
dry 9.7 4.5 13.2 4.6 4.6 6.1 3.8 4.2 2.9 6.0 4.3 8.2 
 wet 5.3 4.2 10.8 2.5 4.3 5.4 2.5 2.6 1.5 4.0 5.0 7.1 
warm  
season 
dry 5.0 3.8 5.3 5.3 3.8 2.8 3.5 5.3 3.5 2.5 4.8 4.9 
 wet 1.7 7.2 2.4 3.5 3.5 3.5 3.3 3.9 4.8 2.8 5.2 4.4 
              
HadCM3  yrs1+2 yr0 yr1 yr2 yr3 yr4 yr5 yr6 yr7 yr8 yr9 yr10 
cold  
season 
dry 11.3 7.5 10.2 9.1 4.0 4.3 5.3 5.3 3.1 1.8 2.9 7.1 
 wet 4.2 8.1 4.6 5.2 1.8 3.3 3.6 4.0 4.2 2.2 4.6 8.8 
warm  
season 
dry 14.3 7.5 12.3 8.2 5.7 4.7 2.1 4.1 3.1 2.4 1.7 2.1 
 wet 6.3 11.8 7.8 3.2 4.1 2.8 4.2 4.3 5.6 6.2 3.8 5.6 
 
 
As the analysis up to this point uses multiple significance tests, some of which would be 
expected to detect a change by chance, we performed a fingerprint analysis to determine 
whether the overall response is significant and whether model and data are consistent. The 
volcanic response in precipitation has been so far only detected by Gillett et al. [2004] for 
global land precipitation. The model they used (NCAR PCM) significantly underestimated 
the observed response. We build on this study by incorporating information on the spatial 
response patterns, sub-dividing the global land response into the northern hemisphere 
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extratropics, tropical wet and dry regions. (We exclude the southern hemisphere extratropics 
due to poor spatial data coverage). We also better represent the time response of volcanic 
forcing.  For each year following the eruptions we regress a 3 element vector of the observed 
response, averaged across all 5 eruptions, onto the equivalent for observationally masked 
model ensemble mean (the 3 elements correspond to the 3 regions above, whose response is 
that shown in Figure 2.9). This yields a scaling factor describing whether the modeled 
response is bigger or smaller than that in the observations. We test whether or not scaling 
factors are significantly different from that expected by chance by conducting Monte Carlo 
analysis, in which the analysis is repeated 1000 times choosing random eruption years for the 
observations and regressing the resulting fingerprint against the model fingerprint, as 
described in Section 2.3.2. We might expect significant results in years 1-2 and maybe 3 
based on the model results for land precipitation (see Figures 2.2b, 2.5a,b). We also repeated 
the analysis regressing results for each ensemble member separately against the ensemble 
mean of the remaining ensemble members to assess whether the observations were 
consistent with the ensemble members. In order to maximize the power of the detection 
approach, we also combined years 1 and 2, since this is when we expect the clearest response 
based on the model results, by using a 6 (rather than 3) element vector for the regression. 
The volcanic response is detectable in NDJFMA in year 1 and years 1 and 2 combined at the 
99% level using a one-sided test (Figure 2.12). It is marginally detectable in MJJASO at the 
90% level in year 2 and years 1 and 2 combined. This is a greater number of significant 
results than expected by chance, and shows that there is indeed a significant volcanic 
influence on precipitation at large scales, even though the response is hard to detect at a grid 
point scale.  The large scaling factor indicates that the model underestimates the magnitude 
of the precipitation response in year 1 and years 1 and 2 combined in NDJFMA, and to a 
lesser extent in years 2 and 3. However, some individual ensemble member results are 
similar, suggesting that this is not a significant underestimate. Analysis of the fingerprint 
vector indicates that this underestimate in year 1 seems to be mostly originating in the wet 
tropics (consistent with results described above) and it is substantially reduced once the 




Figure 2.12 Regression coefficients obtained by regressing the observed average spatial patterns onto 
the model ensemble mean spatial patterns (red dots-see text for details). Black dashed lines are the 5-
95% confidence limits for these regression coefficients (see text for details). Black crosses are 
confidence limits for years 1 and 2 combined. Grey crosses are the coefficients obtained by regressing 
single ensemble members onto the ensemble mean of the remaining members. Lower plots are based 
on the results after the ENSO influence has been regressed out from both the observations and model 
data. Yellow shading denotes years in which we expect to see a detectable response based on the 
model results. Where results are significant, the level at which they are significant is indicated above 
the relevant regression coefficient at the top of the plots. 
 
due to the large magnitude of variations there. In MJJASO there appears to be good 
agreement between model and observations in years 1 and 2, but this breaks down in year 1 
once the ENSO influence has been removed. In years 4 and 5 agreement between the model 
and observations deteriorates, presumably because the volcanic response is now decaying, 
similarly indicated by the widening of the uncertainty bars (note that the larger coefficients 
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and widening uncertainty bars  are due to the fingerprint decaying leading to small values in 
the denominator of the regression equation). The ensemble members exhibit the best 
agreement with the ensemble mean in the two years following the eruption, suggesting that 
they have some level of agreement in their volcanic response. The scaling factors derived 
from the observations generally lie within the range of the ones calculated from the ensemble 
members, suggesting that while we found a significant underestimate in the wet tropics (see 
also Figure 2.9), there is no significant model underestimate in the overall response. 
2.5 Conclusions  
The aim of this study was to identify robust features of the precipitation response to large 
volcanic eruptions. We examined first the response to 18 large low latitude eruptions in an 
ensemble of 11 HadCM3 runs. We found a significant reduction in global mean 
precipitation, in agreement with previous studies [e.g. Robock and Liu, 1994; Trenberth and 
Dai, 2007; Schneider et al., 2009; Gu et al., 2007; Gu and Adler, 2011]. Over the ocean, the 
response remained significant for around 5 years and matched the timescale of the near-
surface air temperature response, suggesting that the precipitation response could be driven 
by changes in sea surface temperature. In contrast, the land response remained significant for 
3 years and reacted faster than land temperature. These findings agree with Joseph and Zeng 
[2011]. We further found the land precipitation response correlated well with aerosol optical 
depth and a reduction in land-ocean temperature contrast, suggesting a directly forced 
component and possible contributions from weakening monsoons. Spatial patterns did 
indeed show a drying signal in monsoon regions in agreement with previous studies [Joseph 
and Zeng, 2011; Schneider et al., 2009; Trenberth and Dai, 2007], with the notable 
exception of India, along with a wettening signal in the subtropics and drying in the 
extratropics. We built on previous studies by splitting the tropics into wet and dry regions. 
We found that the tropical areas experiencing drying after eruptions coincided very well with 
the climatologically wet regions, whilst the dry ocean areas, which are the primary moisture 
source regions [e.g. Gimeno et al., 2010], got wetter on average but were patchier. This is 
broadly the opposite pattern to, but physically consistent with, projections under global 
warming [Held and Soden, 2006; Trenberth, 2011; Meehl et al., 2007]. We found these 
50 
 
HadCM3 results to be consistent with the other CMIP5 models (Chapter 3 and Iles and 
Hegerl (2014), submitted). We also found a greater sensitivity of precipitation to temperature 
changes for volcanic forcing (3.3 % K
-1
) compared to greenhouse gas forcing (1.5 % K
-1
) or 
internal variability (2.0 % K
-1
). 
We then examined whether the volcanic response could be detected in observational land 
precipitation data for 5 twentieth century eruptions, replicating the observational data 
coverage in the model. Again we found a significant reduction in global mean precipitation 
in both the model and observations, lasting 2-3 years, although the signal to noise ratio was 
sharply reduced when data were limited to station-covered land regions (as found for 20
th
 
century forcing in  Balan-Sarojini et al. [2012]). There was also a significant reduction in the 
wet tropical regions for model and observations in NDJFMA, but only for the model in 
MJJASO. The global land precipitation response in NDJFMA was significantly 
underestimated by the model, and this originated from the wet tropical regions. Once the 
ENSO influence had been removed from the observations, the global and wet tropical region 
results remained significant in NDJFMA and agreed better with the masked model, but 
became insignificant in MJJASO. Agreement between the model and observations was poor 
for the extratropics, whilst the tropical dry regions response was noisy. Spatial patterns were 
only marginally significant, and monsoon regions did not always dry in either the masked 
model or the observations. The observational findings were broadly consistent when an 
alternative dataset was used, although model-data agreement deteriorated for MJJASO in 
data sparse interpolated regions. 
We performed a detection analysis to determine whether the volcanic response is detectible 
and consistent between models and observations. The fingerprint of the volcanic 
precipitation response from the model was detected in observations for the boreal cold 
season for year 1 following the eruption and years 1 and 2 combined, but it was only 
marginally significant for the boreal warm season. The detection analysis also suggested that 
the global-scale model response was smaller than that in the observed data, although the 
discrepancy appeared to be explained by internal variability and reduced once the influence 
of ENSO had been removed.  
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Chapter 3: The global precipitation response to volcanic eruptions 
in the CMIP5 models 
Declaration 
This chapter is adapted from a paper that has been submitted to Environmental Research 
Letters: Iles, C. E. and G. C. Hegerl (2014), The global precipitation response to volcanic 
eruptions in the CMIP5 models, Geophs. Res. Lett., submitted. I conducted the analysis and 
wrote the paper, Gabi Hegerl (University of Edinburgh) provided scientific advice and edited 
the manuscript. Xuebin Xhang (Environment Canada) provided precipitation data and 
Debbie Polson (University of Edinburgh) provided help with acquiring CMIP5 data. The 
manuscript has been modified to avoid repetition of material in chapters 1 and 2. 
3.1 Introduction 
In this chapter we investigate whether the main findings of Chapter 2 (referred to here as I13 
(Iles et al., 2013)) using HadCM3 are consistent with results using the CMIP5 models, many 
of which have higher horizontal and vertical resolutions and extend higher into the 
stratosphere than HadCM3. Furthermore, whilst I13 only used observational data over land, 
here we use an additional satellite-gauge dataset to investigate whether the long-lasting 
ocean response found in HadCM3, along with the wettening response in the dry tropical 
ocean regions are supported by observations. Finally we examine whether the CMIP5 
models underestimate the precipitation response to volcanism, testing sensitivity to using 
alternative observational datasets.  
3.2 Data  
3.2.1 Model Data 
We downloaded all twentieth century historical runs from the CMIP5 archive that were 
available in December 2012 (see Table S3.1). These are forced by observed records of both 
natural and anthropogenic forcings, such as solar variability, volcanic aerosols, greenhouse 
gases and land use change (see Taylor et al. [2012] for details). There is no recommended 
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volcanic forcing dataset, but many modelling groups use Ammann et al. [2003], its update 
[Ammann et al., 2007] or an updated version of Sato et al. [1993] (available at 
data.giss.nasa.gov/modelforce/strataer). We did not include HadCM3 in the analysis, for 
sake of comparison with I13. Multi-model means are constructed by averaging over all 88 
available runs, even where there are differing numbers of runs per model. Using only a 
single simulation for each model yielded qualitatively similar results. 
3.2.2 Observational data 
The Zhang et al., 2007 (Z07) and GPCC twentieth century gauge-based land precipitation 
datasets detailed in Chapter 2, Section 2.2.1 were again used, as well as a shorter combined 
satellite-gauge record. There are substantial differences in the methods of construction 
between the datasets, allowing some assessment of the robustness of results to observational 
uncertainty. The GPCC dataset is spatially interpolated, resulting in full land coverage and is 
based on a very large number of station records (67,200 stations with at least 10 years of 
data). In contrast Z07 uses only stations  that have at least 25 years of data in the 1961-1990 
base period and at least 5 years of data in every decade from 1950-1999.  It is not spatially 
interpolated, yielding a dataset with less spatial coverage, but that is more homogeneous and 
constrained by stations than GPCC (see Section 2.2.1 for more detail). 
We also used the 2.5°x2.5° version of the Global Precipitation Climatology Project (GPCP) 
combined satellite-gauge dataset [Adler et al., 2003]. This dataset is spatially complete and, 
unlike the other two datasets, includes ocean coverage. The dataset begins in 1979, since 
when there have been only 2 major eruptions, and only one since the introduction of a 
microwave based sensor in 1987 which has improved readings relative to the pre-microwave 
era.   
3.3. Methods 
3.3.1 Epoch analysis 
As in I13 we used ‘epoch analysis’, which involves averaging across the precipitation 
response to several volcanic eruptions in order to reduce internal variability. We used the 
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five largest eruptions since 1900, as defined by global mean aerosol optical depth (AOD): 
the 1902 Santa Maria eruption; Novarupta in 1912;  Agung, 1963; El Chichon, 1982 and 
Pinatubo, 1991 (Table S3.2, Figure S3.5b). For each grid cell and eruption, anomalies for 
each of the 10 years following an eruption, or up until the next eruption if that occurred first, 
were calculated with respect to a 5 year pre-eruption mean, to account for multidecadal 
changes in precipitation due to long-term trends or low frequency variability. We then 
averaged across all the eruptions available for each grid cell before spatial averaging. Where 
an eruption occurred too close to the beginning of a dataset (e.g., 1902), a shorter pre-
eruption mean was used (see SI, this differs slightly from Chapter 2). Following I13, we use 
half year seasons: the boreal cold season (November to April, NDJFMA), and boreal warm 
season (May to October, MJJASO). “Year 1” denotes  the season in question commencing 
after the eruption date, in order to give aerosols time to spread globally (Table S3.2). 
As in I13, significance of results was tested using a Monte Carlo technique, in which the 
analysis is repeated 10,000 times using randomly selected years as eruption years (except for 
CMIP5 masked to Z07, and composite maps, where 1000 cycles were used due to 
computational constraints). 5-95% confidence intervals were then calculated from the 
distribution of these results (see I13 for more detail).  Since GPCP has very limited temporal 
coverage (33 years), we obtained a second set of confidence intervals for it using the CMIP5 
runs: for each region we combined the last 33 years of each run into one long time series 
after converting to anomalies and rescaling each run’s standard deviation to the standard 
deviation of GPCP (which tends to be larger over oceans). We then performed Monte Carlo 
analysis on this new time series (see SI for detail).  
Where wet or dry tropical regions are referred to, wet regions are defined as the wettest third 
of grid cells between 40°N and 40°S, after any masking according to land or ocean, or 
observational data coverage, and dry regions are the remaining two-thirds (following I13). 




3.3.2 Removing the influence of ENSO 
As in Chapter 2 we repeat the analysis for the observational precipitation datasets after 
linearly removing the influence of ENSO. We again use the cold tongue index (CTI) as a 
measure of ENSO variability and calculate a regression coefficient for each grid cell and 
season between the detrended time series of CTI and precipitation, avoiding years 0-5 
following an eruption. Note that this leaves only a limited number of ENSO events for the 
regression, particularly for GPCP, hence the removal of ENSO is somewhat noisy in that 
case (excluding fewer years following eruptions for GPCP did not improve results). We then 
subtract ENSO related precipitation from the precipitation time series at each gridpoint to 
arrive at a precipitation dataset with ENSO influence (at least partially) removed. We did not 
remove ENSO from the models since its signal should average out across the large number 
of simulations when constructing the multi-model mean. 
3.4 Results 
Figure 3.1 shows the time series of twentieth century precipitation for 50°N-50°S for land 
(b), ocean (c) and the two combined (a) for the CMIP5 models compared to observations. 
Latitudes poleward of 50
o
 are excluded to avoid biases in GPCP over the high latitudes in 
winter, particularly over oceans [Adler et al., 2012], although results using the whole globe 
are very similar (not shown). A clear decrease in precipitation following volcanic eruptions 
can be seen in the multi-model mean, particularly over oceans; and over land and ocean 
combined. This is also reflected in a lowering of the ensemble envelope. Over land the 
modelled response is noisier but still visible. The observed response is less clear, although a 
decrease in land precipitation can be seen following the 1991, 1982 and 1912 eruptions in all 
datasets. The observed datasets appear well correlated over land over the more recent period, 
but agree less well further back in time (see also Polson et al. [2013a]). Over ocean GPCP 
shows a noisy decrease around the time of Pinatubo in 1991, although this commenced 




Figure 3.1: Time series of twentieth century precipitation for 50°N-50°S for observations (colored 
lines; blue line is GPCP, red Z07, green GPCC ) compared to CMIP5 data (black line is the CMIP5 
multi-model mean, grey lines are individual model runs. a) shows land and ocean areas combined, b) 
land regions and c) ocean regions. For b) CMIP5 and GPCP are masked to match the spatial coverage 
of GPCC, whilst Z07 has its own spatial coverage. Vertical black lines denote timing of eruptions 
(solid lines represent eruptions whose aerosol clouds are symmetrical between hemispheres, dashed 
lines represent a northern hemisphere bias, and dot-dashed lines a southern hemisphere bias). 
Anomalies are calculated with respect to the period covered by all datasets and model runs i.e. 1979-
2005. 
 
Figure 3.2 shows the CMIP5 multi-model mean spatial patterns of precipitation response 
averaged across all 5 eruptions for the 2 years following eruptions. Patterns are similar to 
those found in HadCM3 in I13. Monsoon regions dry in their respective warm seasons, 
whilst surrounding areas get wetter and the extratropics get drier on average. There appears 
to be a southward of the ITCZ over the Atlantic and Pacific oceans in MJJASO. Neither the 
multi-model mean (Figure 3.2a) nor individual models (Figure S3.1) show any evidence for 
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a precipitation pattern suggestive of a positive NAO in NDJFMA, consistent with Driscoll et 
al. [2012] and Charlton-Perez et al. [2013]. The modelled response lasts until year 2 over 
land and until year 3 (Figure S3.2) or 4 (not shown) over ocean, although the response over 
the Pacific is less stable over time, as was also the case in HadCM3 in I13.  
 
Figure 3.2: Average spatial patterns of precipitation response following 5 eruptions for years 1 and 2 
combined (a, b) for the CMIP5 multi-model mean, (c, d) GPCC and (e, f) GPCP (using only two 
eruptions). (a ,c, e) are for NDJFMA, (b, d, f) for MJJASO. Stippling indicates significance at the 
90% level for CMIP5. Units are millimeters per day.  
 
The observed precipitation response patterns match well between observational datasets 
where they overlap, despite GPCP only covering 2 eruptions (Figure 3.2; Z07 is very similar 
to Figure S3.3 c-d (not shown)). Based on I13 observed patterns are expected to be only 
marginally significant.  These patterns are of much greater magnitude than the multi-model 
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mean, probably due to the cancellation of noise in the latter. As in the models, the monsoon 
regions get drier following eruptions in the observations, although the exact location of these 
drying areas is slightly different and the Asian monsoon regions show a mixed response. 
Unlike in the models, there is a positive NAO precipitation pattern in NDJFMA in all the 
observed datasets [see Fischer et al., 2007]. Removing the ENSO influence generally makes 
little difference to results (Figure S3.3).  Comparing observations and models over ocean is 
more difficult since GPCP results are noisy, but both show a wettening signal in the east 
equatorial pacific and south pacific convergence zone along with a drying signal in the 
location of the ITCZ over the Atlantic in both seasons. 
Previous studies have identified shifts in the position of the ITCZ in response to volcanic 
forcing [e.g. Schneider et al., 2009; Haywood et al., 2013]. The ITCZ tends to move towards 
the warmer hemisphere. For an eruption with a hemispherically symmetric aerosol cloud this 
causes the ITCZ to move less far into the summer hemisphere, since the summer hemisphere 
undergoes a greater cooling relative to the winter one [Yoshimori and Broccoli, 2008; 
Schneider et al., 2009]. For asymmetric aerosol clouds Haywood et al. [2013] found the 
ITCZ to shift away from the hemisphere with the greatest increase in AOD using 
HadGEM2-ES. We also find this shift in response to asymmetric forcing in CMIP5, for 
example a northward shift in both seasons following the southern hemisphere biased Agung 
eruption (Figure S3.4 a,b), and a southward shift following the northern hemisphere biased 
1982 El Chichon (Figure S3.4 c,d), 1902 Santa Maria and high latitude 1912 Novarupta 
eruptions (not shown). These shifts cause a smaller decrease, or even increase in hemispheric 
mean precipitation in the hemisphere with fewer aerosols (Figure S3.5). As most of the 
twentieth century eruptions had stronger aerosol loadings in the NH, the average response 
resembles such eruptions (Figure 3.2). 
Figure 3.3 shows the post-volcanic precipitation response to the two most recent eruptions in 
GPCP compared to CMIP5 for various regions (the extratropics and dry tropical land regions 
are shown in Figure S3.6). Results for CMIP5 using all 5 eruptions are very similar, but 
more highly significant (not shown). CMIP5 results are very similar to those using HadCM3 
in I13; there is a significant decrease in precipitation in the multi-model mean for the global 
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mean and wet tropical regions, over both land and ocean, and a significant increase over dry 
tropical ocean regions. As was the case for HadCM3, the response over ocean lasts longer 
than that over land and is smaller in magnitude. This longer ocean response occurs in all 
models with more than one ensemble member when averaging over all 5 twentieth century 
eruptions (Figure 3.4), but is not necessarily seen in individual runs using only 2 eruptions 
(Figure 3.3). 
Over land, there is a significant decrease in observed precipitation in NDJFMA for the global 
mean and wet tropical land regions, and a decrease over these regions in MJJASO which is 
significant only if using CMIP5-based confidence intervals (see Section 3.3.1). Removing 
the influence of ENSO reduces the size of the response, although it remains significant in 
NDJFMA. The observed land response in NDJFMA is larger than the ensemble mean 
response, but is within the ensemble envelope (albeit on the upper edge for the wet tropics, 
year 1). Using the other two observational datasets (Figure S3.7) with their original spatial 
coverage and 5 eruptions yields qualitatively similar results (see I13 for Z07). 
Over ocean, GPCP bears limited resemblance to the multi-model mean, at least in part due to 
the much larger variability in the average across two eruptions compared to the multi-model 
mean of 186 eruptions.  Nevertheless, GPCP often reaches the edge of, or goes beyond the 
ensemble envelope, reflecting its higher variability over oceans compared to the CMIP5 
models (not shown). For the global mean, GPCP only shows a decrease in NDJFMA once 
ENSO is removed, and only in year 1, compared to years 2-4 for the multi-model mean, 
whilst in MJJASO observed precipitation increases. In the wet tropical regions GPCP shows 
a significant decrease in year 1 in NDJFMA as expected, but this decrease is larger than in 
any ensemble member, noisy, and shorter-lived than the multi-model mean, whilst in 
MJJASO observed precipitation increases slightly, but is within the ensemble range. Finally 
over the dry tropical regions there is a significant increase in observed precipitation as 
expected in year 1 NDJFMA, which is larger than that of any individual ensemble member, 
and a noisy increase in MJJASO, which is significant using CMIP5 based confidence 




Figure 3.3 Precipitation response averaged over 2 volcanic eruptions in CMIP5 compared with GPCP 
observational data. (a-d) is for land precipitation, (e-j) is ocean precipitation, (a, b, e, f) global mean, 
(c, d, g, h) wet tropical regions, (i, j) dry tropical regions. GPCP is shown in dark blue, light blue once 
ENSO is removed; CMIP5 multi-model mean is shown in black and individual runs in grey. Vertical 
black line denotes timing of eruptions. Dashed lines are 5-95% confidence intervals, dark blue for 
GPCP, light blue for GPCP with ENSO influence removed and green for GPCP confidence intervals 
calculated from CMIP5. Yellow shading denotes years in which the multi-model mean response is 
significant (grey for pre-eruption years). From model results, significant responses are only expected 
in years 0-3. 
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may be due to incomplete removal of ENSO from GPCP (see Section 3.2). For example, the 
peaks in year 7 in NDJFMA coincide with the 1998 El Nino event, and the spatial patterns 
suggest some El Nino influence even after ENSO removal (not shown). In summary, while 
the multi-model mean response is significant in almost all diagnostics following an eruption, 
GPCP only shows significant responses that are robust to removing ENSO over the wet 
tropical ocean and land region, and over global land in the boreal cold season, suggesting a 
very marginally significant response overall. It is not possible to ascertain from these 
observational results over ocean whether the long ocean response seen in CMIP5 (Figure 
3.4) is a real phenomenon. 
 
Figure 3.4: Ensemble mean global ocean (a) and land (b) precipitation response to 5 eruptions for each 
model. The number of ensemble members used for each model ensemble mean is shown in brackets in 
the legend.  Dashed lines are used where there is only a single ensemble member. 
 
Finally we perform a detection analysis as described in I13 to determine whether the overall 
response is significant and whether or not the models and data are consistent (Figure 3.5). 
We first split the global land response into the northern hemisphere extratropics, wet tropical 
and dry tropical regions to yield a 3 element vector for each year following the eruptions (the 
southern hemisphere extratropics are excluded due to their limited land area). For GPCP a 
four element vector is used consisting of dry tropical ocean regions, dry tropical land 
regions, wet tropical ocean regions, and wet tropical land regions. Extratropics are not used 
in the main analysis for GPCP to avoid less reliable high latitude data (however, results are 
robust to including the extratropics, see Figure S3.8). For each year following the eruptions 
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we regress this 3 (land data) or 4  (GPCP) element vector of the observed response averaged 
across all 5 eruptions (2 for GPCP) against the equivalent for the multi-model mean to yield 
a regression coefficient, or scaling factor which indicates whether the modelled response is 
bigger or smaller than that observed. For land data, the model data was first masked 
according to the data coverage of the observational dataset to which it is being compared. 
We test whether or not scaling factors are significantly different from those expected by 
chance through conducting a Monte Carlo analysis using random years for the observations 
as discussed above and regressing against the multi-model mean fingerprint. We then 
calculate 5-95% confidence intervals for the scaling factors. When a scaling factor exceeds 
the 95th percentile, it is large enough to be unlikely to occur due to climate variability, and 
the volcanic influence is said to be detected. We repeat the analysis using individual 
ensemble members instead of the observations, regressing against the mean of the remaining 
ensemble members to establish whether or not the observed response is consistent with the 
models. We also present results for years 1 and 2 combined, since this is when the clearest 
response is expected based on the multi-model mean response (Figure 3.3 and S3.6).  
Figure 3.5 shows that the influence of volcanism is detectable (5% significance level) in 
NDJFMA in year 1 and years 1 and 2 combined in all three datasets. The large regression 
coefficients in these years suggest that CMIP5 underestimates the magnitude of the response, 
as HadCM3 also did to a greater extent in I13. In these years less than 5% of the ensemble 
members exhibit a response as big as that observed for almost all datasets, suggesting that 
the model underestimate is significant. In MJJASO the volcanic influence is only detectable 
at the 90% level in most datasets in these years. The magnitude of the observed coefficients 
agrees better with those of the models in MJJASO. 
With the influence of ENSO regressed out from the observations, the volcanic influence is 
still detectable at the 95% level in NDJFMA in year 1 and years 1 and 2 combined in Z07 
and GPCP, but not GPCC, which is based on more data but uses interpolation (see discussion 
in Polson et al. [2013a]). The magnitude of the coefficients decreases when removing 
ENSO, suggesting that ENSO was partly responsible for the large scaling factors in Figure 




Figure 3.5: Detection of the volcanic signal: Regression coefficients obtained by regressing the 
observed average spatial patterns of precipitation response onto the CMIP5 multi-model mean patterns 
(circles -see text for details). Colored bars indicate 5-95% range of regression coefficients for internal 
climate variability. If a coefficient is greater than the 95th percentile the volcanic influence is 
detected. Grey crosses are coefficients obtained by regressing single ensemble members onto the 
mean of the remaining members. Numbers indicate the level at which the response is detectable. Red 
denotes results based on Z07, green GPCC, and blue GPCP. (c and d) are for results with the influence 
of ENSO removed. Asterisks indicate where less than 5% of the ensemble member-based coefficients 
are larger than the observed coefficients. (a and c) are for NDJFMA, (b and d) MJJASO. 
 
 
We would expect the CMIP5 multi model mean fingerprint used in the detection analysis to 
be ‘better’ than the HadCM3 equivalent used in chapter 2 in the sense that the CMIP5 
fingerprint is the average across more model runs (5 eruptions x 88 runs in CMIP5 (or 2 
eruptions*88 runs when comparing with GPCP) vs 11x5 for HadCM3) and should therefore 
be less affected by noise, whilst the average across multiple models tends to be closer to 
reality than when using a single model. This is because model-specific errors in model 
formation or parameterisations tend to cancel out (unless they are shared across models). If 
the multi-model fingerprint is a more accurate representation of the precipitation fingerprint 
to volcanism, then we would expect scaling factors to be closer to unity. This occurs to a 
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certain extent, particularly in NDJFMA before ENSO removal, although coefficients still 
suggest that the model response is underestimated. Possible reasons for this could include 
model errors that are shared across multiple models, a noisy observational fingerprint that 
may not represent the response to volcanism very well, or incomplete ENSO removal from 
the observations (since most eruptions coincided with El Nino events, this will exaggerate 
the drying response over land if the ENSO response is not fully removed). 
3.5 Conclusions 
The main features of the precipitation response to large explosive volcanic eruptions in the 
CMIP5 models are consistent with those found in HadCM3 by I13. This includes a 
significant decrease in global, extratropical (see SI) and wet tropical regions precipitation 
over both land and ocean, and a significant wettening response over dry tropical ocean 
regions. The ocean response was longer-lived than that over land in all models with more 
than one ensemble member. Monsoon regions dried in agreement with other studies [e.g. 
Joseph and Zeng, 2011; Schneider et al., 2009], whilst the ITCZ moved away from the 
hemisphere with the greatest concentration of aerosols in the multi-model mean in agreement 
with Haywood et al. [2013]. Despite improvements in resolution and vertical extent, the 
CMIP5 models showed no evidence of a positive NAO response in the winter following 
eruptions, as was also the case in HadCM3. 
We use observed gauge-based data over land; and additionally a combined satellite-gauge 
dataset (GPCP) to examine the observed precipitation response over oceans. Results using 
GPCP were noisy due to the short record length, covering only 2 eruptions. Nevertheless, 
over land a decrease in global and wet tropical regions precipitation following eruptions 
could be seen as expected, and this was significant in NDJFMA. Monsoon regions got drier 
in their respective warm season, with the exception of SE Asia, whilst there was a positive 
NAO response in winter. Regional mean findings were broadly consistent when alternative 
observational datasets were used, whilst spatial patterns were very similar. Over ocean, 
results were noisy, but the wet tropical ocean regions got significantly drier, and the dry 
regions significantly wetter as expected in NDJFMA, although with a larger magnitude than 
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any individual ensemble member. It was not possible to determine whether the long ocean 
response seen in the models was confirmed by observations due to the noisy nature of GPCP 
results. A detection analysis found the modelled influence of volcanism on precipitation was 
detectable in years 1+2 combined and year 1 following eruptions in NDJFMA in all 
observational datasets, and was marginally detectable in MJJASO in these same years. The 
response in NDJFMA was significantly underestimated by the models, particularly in the wet 
tropical regions. Removing the influence of ENSO brought the amplitude of the response in 
models and observations into better agreement, particularly in NDJFMA.  
When the next large volcanic eruption occurs, which is likely to be in the next few decades 
based on the historical record [Crowley et al., 2008], the satellite record will be extremely 
valuable in further constraining the observed response, particularly over oceans. 
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Chapter S3: Supplementary Material 
S3.1 Figures and tables 
Table S1 details the CMIP5 runs used in the analysis. Table S2 details the dates and 
locations of the eruptions used and defines what counts as “year 1” for each season. 
Table S3.1: CMIP5 Runs Used 








ACCESS1.0 1 N96 L38 
(1.25° lat, 1.875° lon) 
40 km Sato  et al. [1993]  Bi et al. [2013] 
Dix et al. [2013] 
ACCESS1.3 1 N96 L38 
(1.25° lat, 1.875° lon) 
40 km Sato  et al. [1993] Bi et al. [2013] 
Dix et al. [2013] 
BCC-CSM1.1 3 T42 L26 
(~2.8° lat, 2.8° lon) 
2.914 
hPa 
Ammann et al. 
[2003] 
Wu et al. [2008]  
Wu et al. [2010] 
Xin et al. [2013] 
BNU-ESM 1 T42 L26   
(2.8° lat, 2.8° lon) 
2.917 
hPa 
Ammann et al. 
[2003] 
Feng et al. [2013] 
 




Ammann et al. 
[2003] 
Gent et.al. [2011] 
Meehl et al. [2012] 
CNRM-CM5 10 T127 L31  
 
10 hPa Ammann et al. 
[2007] 
Voldoire et al. [2012] 
CSIRO-
Mk3.6.0 
10 T63 L18 
(~1.875° lat, 1.875° 
lon) 
36 km Sato et al. [1993] Jeffrey et al. [2013]  
Gordon et al. [2002, 
2010]  
CanESM2 5 T63 L35 
(~2.8° lat, 2.8° lon) 
1 hPa Sato et al. [1993]  Chylek et al. [2011] 
Scinocca et al. [2008] 
EC-EARTH 5 T159/N80 L62 
(Nominal 1.125° lat, 
1.125° lon) 
5 hpa Sato  et al. [1993] 
 
Koenigk et al. [2012] 
Hazeleger et al. [2012] 
GFDL-CM2.1 10 2° lat, 2.5° lon, L24 3 hPa  
(~35 km) 
Sato et al. [1993],  
Stenchikov et al. 
[1998] 
Delworth et al. [2006] 
GFDL-CM3 5 C48 L48 0.01 hPa 
(~86 km) 
Sato et al. [1993],  
Stenchikov et al. 
[1998] 
Donner et al. [2011] 
GISS-E2-H 5 2° lat, 2.5° lon, L40 0.1 hPa Sato et al. [1993] Schmidt et al. [2006] 
Shindell et al. [2013] 
GISS-E2-R 6 2° lat, 2.5° lon, L40 0.1 hPa Sato et al. [1993] Schmidt et al. [2006] 
Shindell et al. [2013] 
HadCM3
a 
10 2.5° lat, 3.75° lon 10 hPa Sato et al. [1993] Collins et al. [2001] 
HadGEM2-ES 4 1.25° lat, 1.875° lon, 
L38 
39+ km  
(~2.3 
hPa) 
Sato et al. [1993] Jones et al. [2011] 
Collins et al. [2011] 
MIROC5 5 T85 L40 3 hPa Sato et al. [1993]  Watanabe et al. [2010] 
MPI-ESM-MR 3 T63/L95 
  
0.01 hPa Stenchikov et al. 
[1998] 
Schmidt et al. [2013] 
Giorgetta et al. [2013] 





Yukimoto et al. [2012] 
NorESM1-M 3 1.9° lat, 2.5° lon, L26 2.917 
hPa 
Ammann et al. 
[2003] 
Bentsen et al. [2013] 
Iversen et al. [2012]. 
a
 HadCM3 is not included in the results, apart from Figure S3.1 which shows spatial patterns of 
precipitation response to eruptions for each model separately. 
b 
Global Emissions Inventory Activity database 
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Start month of 
year 1 for 
annual data 
24 Oct 1902 Santa Maria, Guatemala 
14.76°N, 91.56°W 
1903 1903 Feb 1903 
6 June 1912 Novarupta,  
Alaska 
58.27°N, 155.16°W 
1913 1913 Oct 1912 
Mid-March 1963 Agung, Indonesia 
8.34°S, 115.51°E 
1964 1963 July 1963 
28 March 1982 El Chichon, Mexico 
17.36°N, 93.23°W 
1983 1982 July 1982 
15 June 1991 Pinatubo, Philippines 
15.13°N, 120.35°E 
1992 1992 Oct 1991 
a
 Locations are taken from Global Volcanism Project 
http://www.volcano.si.edu/world/largeeruptions.cfm. All eruptions are low-latitude except the 1912 
Novarupta eruption. 
b
 The year for NDJFMA refers to the year of the months January-April rather than November-
December. 
 
Figure S3.1 shows the ensemble mean spatial patterns of precipitation response for the 
individual models used in the analysis, averaged across 5 eruptions. For the most part, 
individual models also show a drying response over monsoon regions following volcanic 
eruptions in agreement with the multi model mean (Figure 3.2). Many models, but not all, 
show a southward shift of the ITCZ in boreal summer over the Atlantic. This is also visible, 
but less obvious, in the multi model mean. Some models also show a southward shift of this 
part of the ITCZ in winter, but fewer than show the summer shift. Shifts in the ITCZ are 
discussed in more detail in the main text. Precipitation patterns in the Pacific vary between 








Figure S3.1: Ensemble mean precipitation response patterns to 5 eruptions for years 1 and 2 combined 
for each model used in this analysis. The patterns for HadCM3 are included for comparison. The 
number of runs contributing to the ensemble mean for each model is indicated above each plot. Left 
column is NDJFMA, right column MJJASO. 
 
Figure S3.2 shows the evolution through time of the multi-model mean spatial patterns of 
precipitation response to eruptions. Stipples indicate where two thirds of the model runs 
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agree on the sign of the response.  The precipitation response over land is strongest in year 1, 
is still visible but weaker in year 2, and has faded away by year three. The ocean response is 
longer lasting, but evolves through time, particularly in the eastern pacific.  Agreement 
between model runs on the sign of precipitation response following eruptions is limited in 
many areas. However, one should bear in mind that each run has its own internal variability, 
such as that related to ENSO, which would reduce agreement. Nevertheless, more than two 
thirds of models agree on the drying signal in the monsoon regions in their respective warm 
season. If we use a criterion of 70% agreement, then very few grid cells agree on the sign of 
response, whereas using a criterion of 60%, the number of stippled grid cells increases 
noticeably (not shown).  
 
Figure S3.2 CMIP5 multi model mean spatial patterns of precipitation response for years 1 through to 
3. Stipples indicate where two thirds of model runs agree on the sign of the change. (a, b) year 1, (c, d) 
year 2, (e, f) year 3. (a, c, e) NDJFMA, (b, d, f) MJJASO. Units are millimeters per day. 
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Figure S3.3 shows the average precipitation response to eruptions in the CMIP5 multi model 
mean and 3 observational datasets as in Figure 3.2 but with the influence of ENSO removed 
from the observations. Results using Z07’s dataset are also added. Removing the influence of 
ENSO makes very little difference to results using Z07 or GPCC. In GPCP the main 
difference is that the westernmost Pacific switches from a drying to wetting signal in both 
seasons with ENSO removed. The eastern pacific pattern in GPCP in NDJFMA (g) suggests 
that ENSO was not completely removed through our procedure. 
Figure S3.3 As in Figure 3.2 but with the influence of ENSO removed from the observations. Results 
for Z07 for 5 eruptions are added in (c) and (d). CMIP5 (a, b) is the same as in Figure 3.2. Units are 
millimeters per day. 
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Figure S3.4 shows how the precipitation response differs for eruptions whose aerosol clouds 
were biased towards either the southern or northern hemisphere, using the examples of the 
1963 Agung and 1982 El Chichon eruptions respectively. Following Agung the ITCZ shifts 
northwards, away from the hemisphere most heavily influenced by aerosols, and following 
El Chichon it shifts southwards. (see also Haywood et al. [2013]).  The same principle could 
also be seen at work in response to the other eruptions, including the 1912 high latitude 
eruption (not shown). The aerosol cloud following the 1991 Pinatubo eruption was 
symmetric between hemispheres. Although a southward shift of the ITCZ could still be seen 
in MJJASO over the Pacific and Atlantic, in NDJFMA any shifts were not clear, although 
there was some indication of a northward shift over the Atlantic (not shown). This is 
consistent with the summer hemisphere undergoing a greater reduction in temperature 
following eruptions than the winter one, limiting the poleward migration of the ITCZ into the 
summer hemisphere, as discussed in the main text [Schneider et al., 2009]. 
Figure S3.4 CMIP5 multi model mean spatial patterns of precipitation response for the two years 
following the southern hemisphere biased 1963 Agung (a, b) and northern hemisphere biased 1982 El 




Figure S3.5 shows the time series of hemispheric mean precipitation for the CMIP5 multi 
model mean compared to the distribution of volcanic aerosols between the hemispheres. The 
hemisphere with the greatest increase in aerosol optical depth experiences the greatest 
decrease in precipitation, whilst the opposite hemisphere experiences a lesser decrease 
(Santa Maria 1902), or even an increase in precipitation (e.g. for Agung in 1963 and to a 
lesser extent Novarupta in 1912). This is most likely related to the ITCZ shifts found in 
Figure S3.4. 
 
Figure S3.5: a) CMIP5 multi model mean time series of twentieth century precipitation for the globe 
(black), the northern hemisphere (0 to 90°N) (red) and the southern hemisphere (0 to 90°S) (blue). 
Black vertical lines denote timing of eruptions. b) Aerosol optical depth (AOD) based on Crowley et 
al. [2008]'s data for the same regions as in (a) in order to show towards which hemisphere volcanic 
aerosols were biased following each eruption. 
 
Figure S3.6 shows the average precipitation response to eruptions for the extratropics (not 
shown in main text due to concerns about the quality of satellite retrievals over high 
latitudes) and dry tropical land regions (noisy; compare I13). The CMIP5 multi model mean 
exhibits a significant decrease in precipitation in both seasons for the northern hemisphere 
extratropical land regions (see Figure 3.2, body of paper), and both northern and southern 
hemisphere extratropical ocean regions, consistent with the findings for HadCM3 in I13. The 
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southern hemisphere extratropical land regions also undergo a significant decrease in the 
CMIP5 multi model mean despite the small land area involved (not shown). The multi model 
mean response over the dry tropical land regions does not show the same increase in 
precipitation as occurs over the dry tropical ocean regions, consistent with findings for 
HadCM3 in I13. Instead it exhibits an insignificant decrease in year 1 in NDJFMA and a 
significant decrease in year 0 MJJASO followed by a significant increase. 
Observed results using GPCP over all these regions are generally noisy primarily due to the 
short record containing only two eruptions. Nevertheless, there is a prolonged significant 
decrease in precipitation over the southern hemisphere extratropical oceans in NDJFMA and 
an insignificant noisy decrease over both the northern and southern extratropical oceans in 
MJJASO in agreement with model expectations. One should bear in mind, however, that 
GPCP has large biases over extratropical oceans in winter [Adler et al., 2012]. Confidence 
intervals for GPCP based on CMIP5 runs tend to spread out less over time than the ones 
calculated using GPCP itself, and the biggest difference occurs in NDJFMA for the northern 
hemisphere extratropics (e). 
Figure S3.7 compares regional precipitation responses to eruptions between three datasets 
over land areas using their original spatial coverage. Z07 and GPCC use 5 eruptions, whilst 
GPCP only uses the most recent 2.  Also shown are the CMIP5 multi model means masked 
to replicate the spatial and temporal coverage of each dataset. The main features of the 
precipitation response can be seen in all three datasets, although absolute values and whether 
or not features are significant changes. Robust features include a drying response for the 
global mean and wet tropical regions, whilst the northern hemisphere and dry tropics are 
noisy in all datasets. The CMIP5 multi model means masked to different datasets are very 
similar to each other, although in MJJASO the global and wet tropics response commences 




Figure S3.6: as in Figure 3.3 for (a, b) the northern hemisphere extratropical land regions (40-90°N), 
(c, d) dry tropical land regions, (e, f) northern hemisphere extratropical ocean regions and (g, h) 
southern hemisphere extratropical ocean regions. (a, c, e, g) are for the boreal cold season, (b, d, f, h) 




Figure S3.7: Average land precipitation response to volcanic eruptions in three observational datasets 
with their original spatial coverage, although GPCP is masked to include land regions only. Red is 
Z07, green GPCC, blue GPCP, thick dark red CMIP5 multi model mean masked according to Z07, 
thick dark green CMIP5 masked according to GPCC and thick dark blue, CMIP5 masked according to 
GPCP. Asterisks indicate where observed results are significant at the 90% level, red for Z07, green 
for GPCC and blue for GPCP. (a, b) Global mean, (c, d) Northern Hemisphere extratropics, (e, f) wet 
tropics, (g, h) dry tropics. (a, c, e, g) NDJFMA (b, d, f, h) MJJASO. 
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Finally, Figure S3.8 shows the effect of including the extratropics in the detection analysis 
when using GPCP. Including the extratropics, and keeping land and ocean as separate 
elements in the regression equation (light blue) (as was also done in calculating the tropics-
only coefficients (dark blue)) results in almost no change compared to using only the tropics, 
suggesting that the tropics dominate the global results. However, if land and ocean are 
combined first, so that the regions fed into the equation are the wet tropics, dry tropics, 
northern hemisphere extratropics and southern hemisphere extratropics, coefficients become 
much larger for NDJFMA and smaller for MJJASO (pink). The ocean is given more weight 
when land and ocean are combined than when they are separate, suggesting that at least 
some of the discrepancy in magnitude of the response between observations and models is 
coming from the oceans. Further investigation through performing a detection analysis for 
land regions only, and ocean regions only (not shown) confirms that the ocean regions are 
responsible for a large part of the disagreement. 
 
Figure S3.8: as in Figure 3.4 but using only GPCP. Dark blue denotes when the tropics only are used 
(regions included in the regression equation are wet tropical land regions, wet tropical ocean regions, 
dry tropical land regions, dry tropical ocean regions.) Light blue is for when the extratropics are 
included as well as the aforementioned regions, with land and ocean kept separate. Pink is as light 
blue but land and ocean are combined for each region before being used in the regression equation. 
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S3.2 Methods details 
S3.2.1 Pre-eruption means 
Where data availability allowed it we calculated post-eruption precipitation anomalies for 
each grid cell relative to a 5 year pre-eruption mean. However, when an eruption occurred 
too close to the beginning of a dataset to allow a full 5 year pre-eruption mean e.g. the 1902 
eruption in Z07 or GPCC, or the 1982 eruption in GPCP, we used whatever years were 
available plus year 0 if it was not much affected by volcanic aerosols (i.e. if the eruption 
occurs only in the last month or after the season has finished). In the Monte Carlo analysis 
one eruption per cycle also had to have a short pre-eruption mean to match the analysis for 
the real eruptions. Finally, we required that there must be at least 2 years of data present to 
make any pre-eruption mean. This is only relevant to Z07 or CMIP5 masked with Z07 which 
have incomplete data coverage through time. 
S3.2.2 Significance testing for GPCP based on CMIP5 
Since GPCP has a relatively short record length (33 years), limiting the reliability of Monte 
Carlo based significance testing, a second set of confidence intervals were obtained using 
CMIP5 runs. For each region, the last 33 years of each run were combined into one long time 
series after converting to anomalies and rescaling each run’s standard deviation to the 
standard deviation of GPCP. This overcomes differences in the magnitude of precipitation 
totals and variability between different models and the observations. Monte Carlo analysis 
was then performed on this new time series. (For datasets with unchanging spatial coverage 
through time (e.g. GPCP and CMIP5 with no observational masking), performing epoch 
analysis on regional mean time series is equivalent to performing it on a grid cell level first 
and then making spatial averages (c.f. Section 3.1)). Results were very similar to those where 
the multi-model mean response was subtracted from each individual simulation first before 
using it as an estimate of variability. 
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Chapter 4: The Effect of Volcanic Eruptions on Streamflow  
4.1 Introduction 
We have seen in the previous two chapters how volcanic eruptions affect precipitation. We 
now investigate whether the influence of volcanic eruptions can also be seen in observational 
streamflow records for major world rivers. Rivers are fundamentally important for people, 
including for domestic use, agriculture, industry and power generation, and for ecosystems. 
Therefore, understanding any impact that volcanic eruptions have on streamflow is valuable. 
Whereas gauge based precipitation measurements represent only a localised point, and may 
not exist in inaccessible areas such as mountain ranges, streamflow integrates surplus 
precipitation over the whole river catchment, and at the same time reduces noise associated 
with localised precipitation events. Whilst satellite-based precipitation records also 
overcome the spatial sampling limitations of gauge based measurements, records are short 
and are less reliable over high latitudes and complex terrain [Adler et al., 2012, Hegerl et al., 
2014 and references therein]. Records for many rivers are many decades long, and also exist 
in high latitudes. However, streamflow does not directly reflect precipitation over an area, 
but rather is the difference between precipitation and evaporation and any changes in 
storage; for example in snow or ice, including glaciers and permafrost; groundwater; lakes 
and soil moisture. Human influences such as impoundment in reservoirs, extraction for 
irrigation or other purposes and interbasin transfers also play a role [e.g. Nijssen et al., 2001; 
Milliman et al., 2008]. 
There are few studies investigating the effect of volcanic eruptions on streamflow. Trenberth 
and Dai [2007] examined the effect of the 1963 Agung, 1982 El Chichon and 1991 Pinatubo 
eruptions on global streamflow using observational records. They found a significant 
decrease in global runoff following the Pinatubo eruption, even once the influence of ENSO 
had been removed, and a moderate decrease following El Chichon. There was also a 
noticeable runoff decrease following Agung despite an unclear precipitation signal. 
Simulated spatial patterns of runoff following Pinatubo from a land surface model forced 
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with observed precipitation matched the precipitation response pattern well, including a 
drying signal in the monsoon regions and southern Europe. 
In response to high latitude eruptions, Oman et al. [2006b] found reductions in both 
modelled precipitation and observed streamflow in the Sahel, including for both the Nile and 
Niger rivers. These high latitude eruptions were associated with summer cooling over the 
northern hemisphere land masses, which weakens African and Indian monsoon circulations, 
reducing Sahelian precipitation. They further suggest that an increase in evaporation 
associated with reduced cloudiness would amplify the reduction in streamflow. 
Finally, in response to the Toba super eruption in 73ka (100 x Pinatubo stratospheric 
injection of sulphur) Timmreck et al. [2012] found a decrease in precipitation and streamflow 
lasting around 2 years for the Nile, Ganges-Brahmaputra, Mekong, Krishna and Orange river 
basins in the climate model MPI-ESM. Precipitation and streamflow recovered quickly and 
were followed by anomalously high precipitation and streamflow 3-5 years after the eruption 
for the Nile, Ganges-Brahmaputra and to a lesser extent the Orange basins. This increased 
precipitation response was interpreted as the result of anomalously cold, La Nina-like sea 
surface temperature anomalies in the equatorial Pacific that developed a few years after the 
eruption. These were thought to strengthen the Indian monsoon through a shift in the active 
branch of the walker circulation, whilst the East Asian monsoon was unaffected. 
Whilst research on the effects of volcanic eruptions on streamflow is limited, there has been 
more extensive work on the possible response of streamflow to greenhouse gas forcing, and 
on past streamflow trends and their causes. Observational studies disagree on whether global 
streamflow has increased over the last century, with trends sensitive to time period used, 
river basins included in the study, any gap filling techniques and choice of driving 
precipitation dataset for studies using land surface models [e.g. Alkama et al., 2013; 
Milliman et al., 2008; Gerten et al., 2008; Labat et al,. 2004; Piao et al., 2007 and Gedney et 
al., 2006]. The following discussion is based on results of land surface models driven with 
observed climate and other factors (e.g. CO2, land use) unless specified otherwise. 
Precipitation is the main driver of global runoff trends [Piao et al., 2007; Gerten et al., 2008] 
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and inter-annual variability [Gedney et al. 2006], whilst spatially, runoff trends match 
precipitation trends in most places [Milly et al., 2005 (GCM based), Milliman et al., 2008 
(observations), Piao et al., 2007, Dai et al., 2009 (observations)]. Land use changes, 
particularly deforestation are the second most important driver of global runoff trends [Piao 
et al., 2007, Gerten et al., 2008], and the primary driver in the tropics [Gerten et al., 2008]. 
Increased CO2 levels also affect runoff by inducing stomatal closure, reducing transpiration, 
but at the same time cause structural changes such as increased leaf area index, which 
increase transpiration. The net effect on runoff is study dependent [Piao et al., 2007; Gerten 
et al., 2008]. Increasing temperatures tend to decrease runoff through increased 
evapotranspiration. Irrigation can cause both regional increases or decreases in streamflow 
depending on whether the source is fluvial or fossil groundwater, but globally its influence is 
negligible [Gerten et al., 2008]. In the Arctic, particularly Siberia, observed runoff has 
increased more than expected from observed precipitation trends, possibly due to increased 
melting of snow and permafrost under warmer temperatures [Dai et al. 2009; Adam and 
Lettenmaier 2008]. Finally, ‘deficit rivers’, generally located in dry regions, have undergone 
greater decreases in observed streamflow than expected from observed precipitation trends 
due to human consumption, evaporation from reservoirs and inter-basin transfers [Milliman 
et al., 2008]  
Multi-model studies generally predict an increase in global runoff over the next century [e.g. 
Alkama et al., 2013; Nohara et al., 2006, but not Arnell and Gosling, 2013], with increases  
in high northern latitudes and southern Asia, and decreasing runoff in southern Europe, the 
Middle East, the Mediterranean coast of Africa and southern North America. Consensus 
between models is less good over South America and parts of Africa [Collins et al., 2013 see 
Fig 12.24, Milly et al., 2005; Nohara et al., 2006; Arnell et al., 2013, Alkama et al., 2013]. 
Global warming is also expected to affect the annual cycle of discharge for some rivers e.g. 
causing an earlier spring melt peak for cold snow dominated basins [e.g. Arora and Boer 
2001; Nohara et al., 2006; Arnell 2003; Arnell and Gosling 2013; Nijssen et al., 2001; 
Falloon and Betts 2006], whilst an increased proportion of rain compared to snow in winter 
can increase winter flow and reduce the spring melt peak in others [Nijssen et al., 2001]. 
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Overall, research into the effects of volcanic eruptions on streamflow is limited compared to 
research examining the influence of other factors and compared to research on the 
precipitation response to eruptions. In this chapter the streamflow response to volcanic 
eruptions is investigated for 50 large drainage basins spread across the world. The analysis 
builds on previous studies by examining the average streamflow response across multiple 
eruptions and examining many rivers, both individually and in combination with other 
nearby rivers undergoing the same sign of precipitation response, in order to reduce noise. 
Significance of results is then tested using a Monte Carlo technique.  
4.2 Data 
Streamflow data were obtained from the Dai et al. [2009] dataset, a version of which was 
also used by Trenberth and Dai [2007] for their research into the effects of volcanic 
eruptions on global streamflow. This dataset contains monthly data from the furthest 
downstream stations for the world’s largest 925 ocean-draining rivers, together covering 
80% of the ocean-draining land area, and accounting for 73% of global runoff. Data are 
included from various sources (see Dai et al. [2009] for details). There are two versions of 
this dataset; one with no infilling of missing data, except with scaled data from neighbouring 
stations for a limited number of rivers; and the other where all additional gaps between 1948 
to 2004 are infilled through linear regression with streamflow simulated by a land surface 
model forced with observed precipitation and other meteorological variables [see Dai et al. 
2009]. Here the non-infilled version is used, which extends further back in time than the 
infilled version for many rivers, and even into the 19
th
 century for some. The average record 
length between 1900 and 2006 for the largest 10, 50 and 100 rivers respectively is to 79.9, 
58.9 and 54.2 years [Dai et al. 2009]. 
Large river basins with data for at least 2 eruptions and at least 40 years of continuous data 
with no major gaps were chosen for analysis. These are shown in Figure 4.1 and detailed in 
Table S4.1. Since data for the Nile were only available between 1973 and 1984 in the Dai et 
al. [2009] dataset, Nile data from the RIVDIS dataset [Vorosmarty et al., 1998] were used 
instead, covering the period 1869-1984, although a long record was only available for a 
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station near the Aswan dam, which is a considerable distance from the river mouth. Overall, 
data for 50 rivers were use. Details including location of gauging station, annual mean 
discharge, basin size, record lengths, flow regulation indices and notes on any 
inhomogeneities are detailed in Table S4.1. 
Figure 4.1: Drainage basins used in this study. Colours indicate the region to which basins are 
allocated for the regional analysis described in Section 4.3.2.  
 
 
Dams have been found to affect seasonality of streamflow, for instance by increasing winter 
low flow and reducing spring or summer peak flow in high latitude basins that are influenced 
by storage in snow and ice [e.g. Adam and Lettenmaier, 2008]. Nevertheless, for most rivers 
dams seem to have little influence on annual flow compared to climate variations [Dai et al., 
2009; Milliman et al., 2008; Adam and Lettenmaier, 2008]. However, there are river basins, 
particularly in dry regions, with very high flow regulation indexes (see Table S4.1 for 
definition of flow regulation index) and high levels of irrigation, or from which water has 
been transferred to neighbouring basins, for which anthropogenic influences have caused a 
significant decrease in flow [Milliman et al., 2008]. Since annual flow is used here, rather 
than seasonal, the influence of dams should not be problematic for most rivers. Nevertheless, 
the monthly and annual time series of flow for each river have been examined for possible 
dam related inhomogeneities, and notes added to Table S4.1. Where monthly flow regimes 
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undergo a discontinuity over time but annual variability and mean discharge do not, this was 
not considered problematic. However, where annual variability changes drastically post-dam 
construction such that streamflow variations no longer reflect climate variability, then this is 
an issue. The most extreme case of this for the rivers used here is the Nile post-Aswan Dam 
construction (Figure 4.2). In this case post-Aswan dam data were not used (i.e. 1960 
onwards). Other rivers did not show such an extreme change, although some data were also 
excluded from the Sao Francisco. An inhomogeneity that occurs during a period in which 
there are no eruptions will not affect the average volcanic response, but will affect 
confidence intervals obtained through Monte Carlo analysis (detailed in Section 4.3.1). 
Finally, the construction of a large reservoir at the time of an eruption could also be 
problematic if it causes a temporary reduction in flow whilst the reservoir fills. Here regional 
results in which several rivers are combined (described in Section 4.3.2) were repeated 
excluding highly regulated rivers. It was assumed that irrigation would have less of a 
confounding influence on results since it would affect long terms trends and intra-annual 
variability more than interannual variability.  
 
Figure 4.2: Annual (top) and monthly (bottom) discharge for the Nile River for a station near the 
Aswan Dam. Vertical lines denote timing of eruptions. Horizontal arrow indicates the time period 
over which the dam was built: construction commenced in January 1960, the first dam construction 
phase was finished in 1964 and the reservoir started filling, the High Dam was completed in July 1970 
and the reservoir finished filling in 1976. There is a clear change in flow regime before and after dam 




4.3.1 Epoch analysis 
Epoch analysis (i.e. averaging across multiple eruptions) was used as described in the 
previous chapters. For each river and eruption, anomalies for post eruption years were 
calculated relative to a 5 year pre-eruption mean. Where less than 5 years of data were 
available to make a pre-eruption mean, the available years were used, down to a minimum of 
2. Where only 1 year of data was present, year 0 was also included to make up the pre-
eruption mean. Post-eruption anomalies were calculated for every year after the eruption 
until year 7 to avoid complications of overlap with the following eruption. Results were then 
averaged across all eruptions for a given river, up to a maximum of 6 eruptions (the most 
recent 6 in Table 2.1 Chapter 2). The analysis is based on annual data as described in 
previous chapters, i.e. year 1 is defined as starting 3 months after the eruption date (see also 
Table 2.1, Chapter 2). Using annual data minimises the effects of dams (see above) and 
means that each year will contain both snow building and melt phases. However, for 
eruptions for which year 1 starts in winter, the discharge for one year will reflect some of the 
previous year’s precipitation, causing a slightly delayed response. Where standardised results 
are presented, epoch analysis results for a given river are divided by its standard deviation 
based on a time series of water years (i.e. October through to September). This makes results 
for rivers with large differences in mean flow comparable. 
A Monte Carlo technique was again used to test significance. For each river the analysis was 
repeated 10,000 times choosing the same number of random eruption years as there are real 
eruptions. This number varies between different rivers. Where a real eruption has a short pre-
eruption mean, a short pre-eruption mean was also applied for the equivalent eruption in the 
Monte Carlo analysis. Where there were missing values in either the post-eruption years or 
the pre-eruption mean for the real eruptions, the equivalent years were also assigned as 
missing values for the equivalent eruption in the Monte Carlo. The number of eruptions with 
data for each year relative to year 0 was then counted, and where the Monte Carlo iteration 
did not have enough data for a given year, that iteration was not used for that year. Overlap 
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between random eruption time periods was permitted. Relatively complete continuous parts 
of the time series for each river were used in the Monte Carlo. Where there were two long 
continuous parts of a river record with a substantial gap in the middle, random eruptions 
were not chosen in the gap. The 10th-90th percentiles of the results for each year were 
calculated and yield the 10-90% range of the null hypothesis of no change in river flow. 
Results outside this range are considered significant. The 10-90% range is chosen because 
river data is noisy, but the 5-95% range is also shown for comparison in some plots. 
4.3.2 Regional analysis 
Since streamflow at the level of the individual basin is noisy, regional results were also 
calculated by combining drainage basins that are geographically close to each other and that 
undergo the same sign of CMIP5 multi-model mean simulated precipitation response to 
eruptions (Figure 4.1 and 4.5, Table S4.1). The CMIP5 response was used to define regions 
rather than the observed response (Figure 4.6) both to avoid circularity, and because the 
latter is the average over only 5 eruptions and is noisy, whilst the CMIP5 response is the 
average over 686 eruptions (98 runs x 7 eruptions), allowing the volcanic signal to be 
isolated much more effectively. These regional streamflow results were calculated in two 




), where epoch analysis is performed on 
each individual river in a particular region and then the sum of the results is calculated across 
all the rivers. This effectively integrates streamflow over the region, and gives more weight 
to large rivers. The second method involves standardising the epoch results for each river, 
before averaging across them. This gives an indication of the behaviour of the average river 
in that region, and avoids results being dominated by large rivers, such as the Amazon.  
Performing Monte Carlo analysis for regional results was more complicated than for 
individual rivers due to varying record lengths for different rivers covering different numbers 
of eruptions. This precluded performing the analysis on a regional mean since variability 
would change over time. Instead, for each Monte Carlo iteration the average response across 
the random eruptions was calculated for each river first and then averaged or added across 
the rivers depending on whether the absolute or standardised version of the analysis was 
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being performed. For each river, the same number of random eruptions was chosen as the 
number of real eruptions the river has data for. Where, for example, several rivers in a region 
have data for the same three real eruptions, in the Monte Carlo analysis three random 
eruptions for which all rivers had data were chosen. If one of these rivers has a much shorter 
record than the others, but still covers the most recent 3 eruptions (e.g. one river extends 
back to 1956 and the others extend back to 1920), then the shorter river limits the range of 
years from which a random eruption can be chosen. Where a river severely limited this range 
due to a short record or a lot of missing data, it was not included in the regional analysis. If, 
for example, one river had data for 5 eruptions and the rest in the same region had data for 3, 
then 3 random eruptions were chosen from the timespan common to all the rivers and the 
remaining 2 were chosen from anywhere in the timespan of the river with the long record. If 
this corresponds to when the other rivers also have data then this data for the other rivers was 
ignored. 
4.3.3 ENSO and the NAO 
ENSO also has an impact on streamflow for some rivers. Figure 4.3 indicates correlation 
coefficients between ENSO (using the cold tongue index (CTI) which extends back to 1845, 
as in previous chapters) and streamflow based on water years for all basins used in the 
analysis, indicating where the correlation is significant. The 3 years following an eruption 
(and year 0 where more than a couple of months were volcanically influenced) were 
excluded when calculating the coefficients to avoid confusion between the volcanic and 
ENSO signals. Wherever p <0.1, the influence of ENSO was removed from the streamflow 
records through regression. The spatial pattern of the influence of ENSO on streamflow 
generally looks much as expected from correlations with instrumental precipitation records 
using water years (using GPCC, a 2.5° gridded gauge based dataset, see Section 2.2.1 (not 
shown)). 
Figure 4.4 shows correlation coefficients between the NAO (for December through to March 
(DJFM)) and streamflow (in water years) for non-volcanically influenced years (as for 
ENSO). The Hurrell station based index was used for the NAO [Hurrell et al., 2013] and is 
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based on the difference of normalised sea level pressure between Lisbon, Portugal and 
Stykkisholmur/Reykjavik in Iceland. It extends back to 1864 thereby covering the time 
period of all the river records used in the analysis (apart from the Loire that starts in 1863). 
 
Figure 4.3 Correlation coefficients between ENSO and streamflow using water years. Hatching 
indicates a significant relationship, black hatching at the 95% level and grey the 90% level. Note that 
the length of time series used for the correlation is different for each river depending on its record 
length (see Table S4.1). 
 
 




The influence of the NAO was not regressed out of the streamflow records, because a 
positive phase of the NAO is thought to be part of the observed climate response to volcanic 
eruptions [e.g. Robock and Mao, 1992, 1995]. Streamflow for basins in southern Europe is 
significantly negatively correlated with the NAO, as expected from patterns of correlation 
between observed water years precipitation (using GPCC) and DJFM NAO (not shown). 
Elsewhere, correlation coefficients for streamflow with the NAO  are similar to those for 
precipitation, although significance is exaggerated for streamflow, perhaps because it 
integrates over a larger area, improving signal to noise ratios. Although unexpected, the 
significant negative correlations between streamflow and the NAO in the Central African 
basins agrees with findings for austral summer precipitation for southern Africa in McHugh 
and Rogers [2001]. The significant positive correlation of the NAO with Amazon 
streamflow is also unexpected, but the time series do appear well correlated (not shown), 
although more investigation would be required to explore whether there is a plausible 
physical mechanism 
4.4 Results 
Figure 4.5 shows the annual mean CMIP5 multi model mean precipitation response averaged 
across 7 eruptions  (1861, 1883, 1902, 1912, 1963, 1982, 1991) with the drainage basins 
used in this analysis overlaid in order to give an indication of where a volcanic streamflow 
response might be expected to exist and in which direction. The CMIP5 runs used are the 
historical ‘ALL’ forcing runs detailed in Chapter 3 Table S3.1 (i.e. 98 individual runs from 
19 models). The precipitation response over land is strongest in the first year following the 
eruptions and has mostly faded away by year 3. A significant decrease in precipitation can be 
seen over the Amazon and neighbouring basins in years 1 and 2, over central African basins, 
including the Congo, Nile and Niger in year 1, which has mostly ceased by year 2, over 
northern Asian basins in years 1-3, SE Asian basins in year 1 and some northern North 
American basins in years 1, 2 and to a certain extent 3. In contrast, rivers in southern Europe, 




The observed precipitation response averaged across 5 eruptions using the GPCC dataset 
(see Section 2.2.1) is shown for comparison (Figure 4.6). Over African, South American and 
SW North American basins the observed precipitation response largely matches the CMIP5 
response, although the area of drying extends further south over Africa in the observations. 
The northern North America and high latitude Asian response is more mixed (note the latter 
area is largely interpolated), whilst a large portion of SE Asia gets wetter rather than drier.  
However, streamflow is not solely determined by precipitation, but is rather precipitation 
minus evaporation plus changes in storage. Figure 4.7 shows the precipitation (P), 
evaporation (E) and P-E response for year 1 following the most recent 6 eruptions in Table 
2.1 using an ensemble of  the 10 historical ‘ALL’ forcing HadCM3 runs in Table S3.1 from 
the CMIP5 archive. The precipitation response in HadCM3 (Fig 4.4a) appears similar to that 
in the CMIP5 multi model mean (Fig 4.3). The response is strongest in year 1 and fades 
away thereafter, largely disappearing by year 2 over South America and Africa, and year 3 
elsewhere over land (not shown). Evaporation decreases over most land regions following 
eruptions consistent with a reduction in incoming solar radiation due to reflective sulphate 
aerosols. However, there is increased evaporation over the Middle East, Sahara, SW North 
America and Southern South America, all of which are dry regions that undergo a post-
volcanic increase in precipitation, increasing the availability of moisture for evaporation. The 
evaporation response fades away by year 4 (not shown). The response of P-E should be most 
relevant for the post-volcanic streamflow response. It appears to be dominated by 
precipitation (pattern correlation = 0.91), although in some areas the P-E response is less 
clear than the precipitation response (e.g. northern Asia, SE Asia), or has reduced in 
magnitude (e.g. over the African drainage basins and the Amazon) and in a few places has 
changed sign (e.g. over the North Dvina, Rio Colorado, Kolyma and Murray-Darling). This 
may make the response of streamflow over these regions less clear than the precipitation 
response alone might suggest. However as the areas that dry or get wetter following 







Figure 4.5 CMIP5 multi model mean precipitation response averaged across 7 eruptions for years 1-3 
after the eruptions. Drainage basins used in the analysis are overlaid. Stippling indicates significance 






Figure 4.6: Observed precipitation response averaged across 5 eruptions using the GPCC dataset for 
years 1-3. Drainage basins used in the analysis are overlaid. Stippling indicates significance at the 
90% level using a Monte Carlo technique. Note that data over the high latitude Asian basins are 






Figure 4.7: Response of a) precipitation, b) evaporation and c) precipitation minus evaporation for the 
first year following 6 volcanic eruptions in an ensemble of 10 HadCM3 runs. Note that the colour 




Figure 4.8 shows the response of streamflow for each basin averaged across multiple 
eruptions for years 1-3 following the eruptions. (The eruptions used for each river are 
indicated in Table S4.1). Results are standardised and the influence of ENSO is removed for 
rivers with which it is significantly correlated as described in sections 4.3.2 and 4.3.3 
respectively. Whilst streamflow might be expected to largely reflect the observed 
precipitation response (Figure 4.6), it should be pointed out that results for each river basin 
are based on different combinations of eruptions depending on data availability and so may 
be less consistent than expected. Rivers in central Africa experience decreased streamflow 
following eruptions as expected from the modelled and observed precipitation response 
patterns and HadCM3 simulated P-E. Northern Asian rivers tend to undergo a weak decrease 
in flow in year 2 and a variable response in other years, whilst Southern Asian rivers also 
undergo mixed response. This could be partly due to a mixed P-E and observed precipitation 
response over these regions. In South America the Amazon, Tocantins and Parnaiba 
experience a decrease in runoff lasting 2 years, whilst more southerly basins experienced 
increased runoff as expected from both modelled and observed P and HadCM3 simulated P-
E. North American rivers undergo a mixed response, whilst over southern Europe there is a 
decrease in streamflow in years 1 and 2. Whilst this southern European response is the 
opposite of the CMIP5 and HadCM3 precipitation response, it matches the observed 
precipitation response and is consistent with a positive NAO response (Figure 4.4), which 
has been found in observational studies but is not well captured by climate models [e.g. 
Stenchikov et al., 2006; Driscoll et al. 2012, Charlton Perez et al. 2013]. Figure 4.S1 shows 
that if the influence of ENSO is not removed, overall patterns of basins that get wetter or 
drier are broadly the same, but the response of some individual basins switches sign or 
changes magnitude. 
Timmreck et al., [2012] found a noticeable overshoot in streamflow in years 3-5 following 
the initial post-eruption decrease for several catchments in Africa, tropical Asia and 
Australia, including for the Nile, Ganges-Brahmaputra and Orange in model simulations of 
the very large Toba eruption in 73ka. It is not clear whether this overshoot can also be seen 






Figure 4.8  Average streamflow response across multiple eruptions for individual rivers for years 1-3, 
expressed in standard deviations. Hatching indicates where results are outside of the 10-90% range of 
natural variability. The influence of ENSO is removed for rivers with which it correlates significantly 






results (not shown), although the results suggest a possible delayed peak in streamflow for 
some rivers e.g. in year 6 for the Orange, year 7 for the Niger, year 4 for the Senegal and 
year 8 for the Brahmaputra. 
Figure 4.9 shows the response of the Amazon, Congo and Nile to volcanic eruptions. These 
are all rivers undergoing a significant streamflow response in the direction expected from the 
CMIP5 simulated and observed precipitation response. The Amazon undergoes a significant 
decrease in year 1 and has returned to normal by year 3. The Nile also responds in year 1 and 
takes until year 4 to recover. For both these rivers the response is larger if the influence of 
ENSO is not removed. Finally the Congo responds more slowly, reaching its minimum in 






Figure 4.9: Response of a) the 
Amazon, b) the Congo and c) the 
Nile rivers to volcanic eruptions. 
Thick black line shows the average 
response across all eruptions for each 
river, thin lines are the response to 
individual eruptions. Thick blue line 
is the average across all eruptions but 
without removing the influence of 
ENSO (as the Congo is not 
significantly correlated with ENSO, 
ENSO is not regressed out). Dashed 
lines indicate confidence intervals for 
the average response, inner lines 10-
90%, outer lines 5-95%, black 
without ENSO, blue with ENSO. 







Streamflow generally responds to volcanoes on roughly the same timescale as precipitation. 
Due to the noisy nature of results, it is not possible to establish whether there is a delayed 
response for some rivers. A delayed response might occur where there is storage in snow and 
ice and behind reservoirs. It also takes time for precipitation to be transferred to the river 
mouth e.g. 3-4 months for the Amazon, but only one month or less for the Brahmaputra, 
Ganges, Mississippi and Mekong [Dai and Trenberth, 2002; Marengo et al., 2005]. 
The overall number of rivers in Figure 4.8 that undergo a significant response appears 
limited. Streamflow data are noisy and record lengths are often fairly short, encompassing a 
small sample of eruptions. Table 4.1 shows the number of rivers undergoing a significant 
response compared to the number expected by chance. Since the 10-90
th
 percentiles are used 
to assess significance, 20% of rivers would be expected to undergo a significant response by 
chance. Rivers are also grouped according to level of human influence and by size of 
drainage basin in order to see whether this affects the likelihood of significance. When all 
rivers are considered the number of rivers with significant results is close to or just slightly 
above that expected by chance (22% in years 1 and 3 and 26% in year 2). When rivers are 
split into more natural or humanly influenced groups, using a regulation index of 20% as a 
cut-off between the two, the less regulated group have a higher percentage of significant 
results in years 1, 2 and 1+2 combined than expected by chance, reaching a maximum of 
34.5% in year 2. The highly regulated rivers have fewer significant results than expected by 
chance in years 1 and 2, but more than expected in year 3. This could either be due to noise, 
or a more delayed response through the influence of reservoirs. Finally, a greater proportion 
of larger basins undergo a significant response compared to small basins. This could be 
because they integrate precipitation over a larger area, reducing noise. Repeating the analysis 
without removing the influence of ENSO makes little difference to the proportion of basins 
with significant results. Overall, the clearest results occur in the more natural and larger 
rivers, which increases confidence that river flow is indeed impacted by volcanic eruptions. 
However, the approach of counting the number of rivers with significant results is not ideal 
for a number of reasons. Firstly, based on the precipitation response patterns we do not 
expect all rivers to undergo a response to volcanic eruptions. Secondly, spatial 
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autocorrelation is a problem, especially where many small basins are clustered into a 
relatively small space, such as in Europe. Thirdly, not all basins are equal; smaller basins are 
likely to have smaller signal to noise ratios, reducing the chance of significant results. This is 
also the case for rivers with data for fewer eruptions. 
 








all (50) 11 (22%) 13 (26%) 11 (22%) 13 (26%) 10 (20%) 
natural (29) 8 (27.6%) 10 (34.5%) 5 (17.2%) 8 (27.6%) 5.8 (20%) 
human (17) 2 (11.8%) 2 (11.8%) 6 (35.3%) 4 (23.5%) 3.4 (20%) 
big + 
medium (28) 
8 (28.6%) 8 (28.6%) 7 (25%) 10 (35.7)% 5.6 (20%) 




3 (37.5%) 3(37.5%) 1 (12.5%)   1.6 (20%) 
Regions 
absolute (8) 
2 (25%) 2 (25%) 1 (12.5%)  1.6 (20%) 
 
a 
Significance is assessed using the 10-90% confidence intervals from a Monte Carlo technique. 
Numbers in brackets are percentages; 20% of rivers would be expected to have significant results by 
chance. Pink text indicates where more than 20% of rivers are significant; yellow highlighting more 
than 30%.  ‘All’ denotes all 50 rivers, ‘natural’ represents rivers with regulation index <20%, ‘human’ 
is rivers with regulation indexes >20%, ‘big’ rivers are those with basin areas represented by the 
gauging station over 800,000 km
2
, ‘medium’ those between 500,000 and 800,000 km
2
 and ‘small’ less 
than 500,000 km
2
. Rows with ‘regions’ in the heading represent the number of regions undergoing a 
significant response (out of 8) for the ‘standardised’ and ‘absolute’ versions of the regional analysis. 
Regional results are based on the black lines in Figure 4.10 and 4.11. Numbers in brackets under 
‘basin type’ are the number of rivers that fall into each category (or the total number of regions for the 
last 2 rows).  ‘Expected by chance’ is the number of rivers (or regions) expected to be significant by 
chance for each category. 
 
To address this and to improve signal to noise ratios, neighbouring basins undergoing the 
same sign of CMIP5 multi-model mean simulated precipitation response were combined as 
described in Section 4.3.2 and shown in Figure 4.1. Figure 4.10 shows results for the 
standardised version of the analysis, in which each river has a standard deviation of 1 and a 
mean of 0, and the average response is taken across the epoch analysis results for them all. 
Results for many of the regions are significant, albeit at the 80% level. Rivers in northern 
South America, central Africa and in High latitude Asia undergo a significant decrease in 
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discharge at the 80% level (90% for northern South America) as expected from the CMIP5 
precipitation response. Results for northern South America were repeated without the Parana 
since it has a higher regulation index (28%) than the other rivers, whilst in HadCM3 
precipitation increases over its basin post-eruption. This resulted in a larger average decrease 
in flow over the region, although levels of significance were the same.  Rivers in southern 
South America undergo a marginally significant increase in flow in years 1 and 3, whilst 
south-western North American rivers undergo a significant increase in streamflow in year 2 
when small basins are excluded, and an insignificant increase when they are not, again 
consistent with the sign of the modelled precipitation response. Over Europe streamflow 
decreases in years 1 and 2 and then increases in years 3-5. This initial decrease is consistent 
with a positive NAO-like pattern as discussed above. Over southern Asia there is a weak 
increase in streamflow but this is not clear and is sensitive to the choice of rivers included 
(not shown). Excluding the more humanly influenced rivers does not make the results for 
southern Asia any clearer.  Finally, over northern North America results are noisy and 
insignificant. Table 4.1 shows that a higher proportion of results are significant when rivers 
are grouped into regions in this way rather than analysed individually (37.5% based on the 
black lines in Figure 4.10 in years 1 and 2) which is also higher than expected by chance. 
Using absolute values (i.e. not standardised) and taking the sum across the epoch results for 
all the rivers in a region effectively integrates streamflow over that region. However, where 
one river has particularly high discharge it dominates results. Results using absolute values 
are generally similar to the standardised versions (Figure 4.11). There is still a significant 
drying response over central Africa and northern South America and a significant increase in 
streamflow in southern South America and SW North America. Over northern North 
America the response remains insignificant. Excluding the Parana makes little difference to 
results in northern South America since it is small compared to the Amazon, which by far 
dominates the response in this region. Limiting the analysis to only big basins in SW North 
America does not make much difference to the overall shape of the response, but renders it 
slightly insignificant. Over northern Asia the response is still a decrease, but is no longer 




Figure 4.10 Average streamflow response across multiple eruptions for the regions shown in Figure 
4.1. Results for individual rivers are standardised (thin lines) before taking the mean across a region 
(thick black line). For south-western North America (b) the thick blue line indicates results using only 
large basins (Columbia and Colorado AR), for northern South America (c) it represents results 
excluding the Parana, and for southern Asia (h) it represents rivers with regulation indexes below 
20%. Dashed lines indicate confidence intervals for the average responses, inner lines 10-90%, and 
outer lines 5-95%. Asterisks in the legends denote rivers with higher human influence, i.e. flow 









Figure 4.11 As for Figure 4.10, but using absolute values, where thick black and blue lines represent 









in year 1, although again results are noisy. Results for southern Asia do not change much 
when only natural rivers are considered, although are significant at a higher level in year 1. 
The proportion of regions undergoing a significant response is slightly higher than expected 
by chance (25% in years 1 and 2), although less than for the standardised regional analysis, 
possible because there were a number of occasions where results were very close to, but not 
quite beyond the confidence interval. 
 
In chapters 2 and 3 it was found that precipitation in wet tropical regions decreases following 
eruptions. We investigate whether this is also the case for streamflow. Figure 4.12 shows the 
tropics divided into wet, intermediate and dry thirds based on GPCC climatology and 
indicates the 10 drainage basins used to represent the wet regions. The basins chosen are 
those that overlap with the wettest third of grid cells. The Ganges and Yangtze only overlap 
the wettest third by a small amount, but results are insensitive to their exclusion. Some 
basins in the wet regions could not be included in the analysis due to short or incomplete 
records that limited the range of random years that could be chosen for the Monte Carlo 
analysis. Results are shown in both standardised (Figure 4.13a) and absolute versions (Figure 
4.13b), and with and without the influence of ENSO removed for rivers with which it has a 
significant relationship (Figure 4.3).  
 
 
Figure 4.12 Wet (blue), intermediate (green) and dry (yellow) tropical regions based on GPCC 
climatology with drainage basins overlaid. Hatching indicates the basins used to calculate results for 
the wet regions. 
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For the standardised results a significant decrease in streamflow can be seen both with and 
without ENSO removed, although the timing differs slightly. In both cases there is also a 
significant peak in year -1 and 0. For the analysis using absolute values a significant 
decrease in streamflow can also be seen, and the pre-eruption peak is less noticeable and 
insignificant. If the influence of ENSO is not removed, then the decrease in streamflow is 
larger and more highly significant. Finally results were repeated excluding the Amazon, 
since it is large enough to dominate the results. Streamflow in the wet regions undergoes a 
smaller, insignificant decrease with the Amazon excluded, and the pre-eruption peak has 
become larger and highly significant. This pre-eruption peak in year -1 for both the absolute 
 
Figure 4.13 Streamflow response of rivers in the wet tropical regions (see Fig. 4.12) to multiple 
volcanic eruptions. a) Mean of standardised response of individual rivers, b) sum of response of 
individual rivers in absolute values.  Thick black line represent the mean (a) or total (b) response for 
all rivers in the wet regions, with the influence of ENSO removed from rivers that have a significant 
relationship with it (p<0.1 ). Thick blue line is the same but without removing ENSO. Thick green 
line is the equivalent of the black line but excluding the Amazon. Dashed lines are confidence 
intervals, colours indicating the mean or total to which they correspond; inside lines indicate the 10-
90% range, outside lines 5-95%. 
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and standardised versions of the analysis originates from most of the rivers having positive 
anomalies in this year, with the largest contributions from the Congo, Mekong and Yangtze 
in year -1, whilst these same rivers plus the Magdalena and Orinoco contribute to the high 
discharge in year 0. Repeating the wet regions results with only the more natural rivers made 
little difference, although there are only 2 rivers with a regulation index of more than 20% 
(the Xi Jiang and Parana) and their indexes are still relatively low compared to some other 
rivers at around 30%. We do not show the equivalent for dry regions because there are few 
major rivers in the driest regions, and those that exist tend to be very highly regulated, whilst 
parts of the basins that overlap with wetter regions are likely to be overrepresented. 
4.5 Conclusions 
In this chapter the response of 50 major world rivers to volcanic eruptions was investigated 
using instrumental records. The streamflow response was compared to the CMIP5 simulated 
precipitation (P), HadCM3 simulated P and P-E response, and observed precipitation 
response. Changes in P-E were dominated by changes in precipitation. The number of rivers 
undergoing a significant response was close to but slightly above that expected by chance, as 
might be expected due to short, noisy records with a limited sample of eruptions. These 
included the Amazon, Congo, Nile, Orange, Ob, Yenisey and Yangtze. When only larger 
basins or those less influenced by dams were considered, the proportion of basins with a 
significant response increased slightly. Regional analyses were also performed in which 
neighbouring basins undergoing the same sign of CMIP5 multi-model mean precipitation 
response to volcanic eruptions were combined to improve signal to noise ratios. A significant 
decrease in streamflow could be seen for northern South America, Central Africa, and less 
robustly for high latitude Asia, along with a significant increase in streamflow in southern 
South America and SW North America as expected from CMIP5 precipitation response 
patterns. The response tended to occur within years 1-3 after the eruption. A decrease in 
streamflow could also be seen in southern Europe, consistent with a positive phase of the 
NAO which has been found following tropical eruptions in observational studies [e.g. 
Robock and Mao, 1992, 1995 ] but does not appear to be well captured by climate models 
[e.g. Stenchikov et al., 2006; Driscoll et al. 2012, Charlton Perez et al. 2013] . Finally, 
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streamflow was found to decrease significantly across the wet tropical regions following 
eruptions, in agreement with reduced land precipitation over this area found in chapters 2 
and 3. The Amazon dominated results based on absolute values. In conclusion, the 
observations show evidence that global streamflow indeed shows significant responses 
following volcanic eruptions, albeit with a low signal to noise ratio. 
In terms of human impact, for most of the regional results and for many individual rivers the 
streamflow response was within 1 standard deviation of natural variability, although for 
Central Africa and for some individual rivers e.g. the Amazon, Niger, Orange, Ganges, 
Yellow, Ob and Yukon the response was larger, and is therefore more likely to be felt. For a 
larger eruption these effects might be expected to be bigger and have more impact.
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Table S4.1: Details of the rivers used in the analysis
a 
a
 Rivers with regulation indexes higher than 20% or with inhomogeneities noted are highlighted pink. 
b
 From Nilsson et al. [2005]. The flow regulation index is the amount of water that can be held in all the dams in a river, expressed as a percentage of annual mean discharge. It 
uses the dams’ ‘live capacity’, i.e. excluding bottom water that cannot be released, rather than gross capacity. 
River name Region 
assigned 
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1900 2006 106.75 1902, 1912, 1963, 
1982, 1991 
11  








1956  2006 50 1963, 1982, 1991 0.05  








1878 2006 128.25 1883, 1902, 1912, 
1963, 1982, 1991 
24  








1934 2006 72.5 1963, 1982, 1991 280 Abnormally high flow around early 1980 to mid-
1980s. 








1903 2006 87.5 1963, 1982, 1991  Used from 1922, large gap before 








1919 2006 74.67 1963, 1982, 1991  Used from 1938, large gap before 








1948 2006 57 1963, 1982, 1991 49 Used up until 2004- missing data afterwards 






1915 2006 71.25 1963, 1982, 1991 90 Used from 1947, very incomplete beforehand 






1928  2006 79 1963, 1982, 1991 15.5  






1934 2000 67 1963, 1982, 1991 49 Steep downward trend of discharge in until 
mid-1950s and low flow thereafter 
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1928 2006 79 1963, 1982, 1991 3  








1923 1999 75.75 1963, 1982, 1991 3 Limited data for first 2 years, used from 1925 
onwards 








1956 2006 49.42 1982, 1991  Used from 1965 onwards, incomplete record 
beforehand 








1963 2006 43.25 1982, 1991 10 Used from1965, incomplete beforehand 








1905 2006 101.25 1912, 1963, 1982, 
1991 
28  








1918 2000 82.5 1963, 1982, 1991   








1927 1994 66.83 1963, 1982, 1991 140 Temporarily reduced variability of flow in early 
70s, coinciding with the building of the Palmar 
dam. Less noticeable for annual data 






1926 2006 76.42 
 
1963, 1982, 1991 37 Noticeably lower mean annual flow before 
1938, data before 1938 not used. Monthly 
discharge also changes noticeably in its 
variability after late 1990s, less obvious for 
annual data. 






1942 2006 57.25 
 
1963, 1982, 1991 28 Used from 1961, incomplete data before 






1950 2000 51 1963, 1982, 1991 1  
           




















1915 2006 73 1963, 1982, 
(1991) 
15 1991 eruption is used for analysis on the Niger 
on its own, but not for the regional analysis. 
Data between 1941-1993 are used, incomplete 
before and after. 
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1903 2000 94.67 1912, 1963, 1982 24 Unusually high flow in late 1960s and early 
1970s, returning to normal afterwards. 






1935 2001 65.17 1963, 1982, 1991 14 Change in monthly variability in last half of 
record, not noticeable in annual data. 
Nile - 23.96 °N, 
32.9 °E 
  1869 1984 115.17 1883, 1902, 1912 95 Substantial decrease in variability for both 
annual, but especially monthly flow, along with 
lower mean flow after construction of the 
Aswan dam commenced in the 1960s. Post-
Aswan dam data are therefore excluded from 
the analysis. 
           
Europe           






1900 2002 103 1902, 1912, 1963, 
1982, 1991 
4.6  






1920 2000 81 1963, 1982, 1991 5.5  






1863 1999 137 1983, 1902, 1912, 
1963, 1982, 1991 
1.5  






1918 1998 80.25 1963, 1982, 1991 4  






1900 1994 94 1902, 1912, 1963, 
1982, 1991 
4  






1913 1999 72 1963, 1982, 1991 23 No data between 1936 and 1950 






1913 1990 72 1963, 1982 25  
           
N. Eurasia           






1930 2006 76 1963, 1982, 1991 9  






1936 2006 69.33 1963, 1982, 1991 18 Used up until 2002, some gaps at end  






1934 2006 71.42 1963, 1982, 1991 3  
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1936 1998 62.25 1963, 1982, 1991 0  






1927 2004 74.25 1963, 1982, 1991 5 1934-2001 used, incomplete otherwise 






1900 1999 99.92 1902, 1912, 1963, 
1982, 1991 
9  






1881 2006 124 1983, 1902, 1912, 
1963, 1982, 1991 
1  






1916 2000 73.75 1963, 1982, 1991 0 First half of record incomplete, so data used 
from 1950 onwards 
           
S. Asia           






1949 1996 48 1963, 1982, 1991 8  






1923 2005 82.58 1963, 1982, 1991 3 Used from 1924 
Yellow 
(Huang He) 






1934 2000 52.33 1963, 1982, 1991 51 Used from 1950, large gap in data beforehand 
Xi Jiang 
(Pearl) 






1915 1986 45.67 1963, 1982 31 Used from 1941 large gap in data beforehand 
Yangtze 
(Chang Jiang) 






1900 2000 99.58 1902, 1912, 1963, 
1982, 1991 
12  






1936 2000 63.75 1963, 1982, 1991 13  






1956 2000 44.25 1963, 1982, 1991 8  






1912 2000 86.5 1963, 1982, 1991 76 Discontinuity in annual mean flow and monthly 
variability from 1952 after construction of Chao 
Phraya dam. However, annual variability 
appears unchanged. 
           
Australia           
Murray 
Darling 






1930 2000 69.92 1963, 1982, 1991 67  
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Chapter 5: Conclusions 
5.1 Summary 
The aim of this thesis was to investigate the effect of large explosive volcanic eruptions 
on the hydrological cycle. This involved using epoch analysis (i.e. averaging across 
multiple eruptions) to investigate the robust features of the precipitation response to 
eruptions from observations and quantitatively comparing them to model simulated 
responses, focusing on regional and seasonal scales. This included a detection analysis 
that builds on previous detection studies [e.g. Gillett et al., 2004] by specifically targeting 
the response to volcanic eruptions through focusing on inter-annual time scales, and by 
identifying key mechanisms, such as a particularly pronounced drying of wet regions 
after eruptions. An ensemble of last millennium HadCM3 simulations was used to 
identify the main robust features of the precipitation response to 18 large eruptions. The 
model simulated land precipitation response to 5 twentieth century eruptions was then 
compared to the Z07 observational dataset, and detected in that dataset. The analysis was 
then extended to historical runs of the CMIP5 (Coupled Model Intercomparison Project 
Phase 5) models to establish whether the features found in HadCM3 were consistent with 
other models, many of which are more modern, higher resolution and extend further into 
the stratosphere. This is the first multi-model study focusing on the precipitation response 
to volcanic eruptions and allows assessment of consistency of the response between 
models. CMIP5 results were compared to a satellite-gauge dataset for the most recent 2 
eruptions, which includes ocean coverage. Sensitivity of results over land to using 
alternative datasets was assessed. Finally the streamflow response of 50 major rivers 
worldwide to volcanic eruptions was investigated using historical records, both 
individually and grouped into regions that are expected to become drier or wetter, based 
on the multi-model mean precipitation response. Previous studies on streamflow have not 
examined the average response to multiple eruptions, and have either focused on the 
global mean or on a small number of basins [Trenberth and Dai, 2007; Oman et al., 
2006; Timmreck et al., 2012]. 
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The main features of the model-simulated precipitation response to volcanic eruptions 
were consistent between HadCM3 and CMIP5. This included a significant reduction in 
global and extratropical precipitation over both land and ocean, in agreement with other 
studies [e.g. Robock and Liu, 1994; Trenberth and Dai, 2007; Schneider et al., 2009; Gu 
et al., 2007; Gu and Adler, 2011]. Furthermore, when tropical regions were split into wet 
and dry regions, the wet regions dried significantly following eruptions whilst dry ocean 
regions got significantly wetter. This is the opposite of the predicted response under 
global warming [Held and Soden, 2006; Trenberth, 2011; Meehl et al., 2007]. Monsoon 
regions dried following eruptions in agreement with previous studies [Joseph and Zeng, 
2011; Schneider et al., 2009; Trenberth and Dai, 2007], whilst analysis using CMIP5 
showed that the Intertropical Convergence Zone shifts away from the hemisphere with 
the larger concentration of volcanic aerosols in response to individual eruptions, in 
agreement with Haywood et al., [2013]. The precipitation response over ocean was longer 
lasting than that over land in all models (5-7 years vs. 2-3 years respectively). Further 
investigation using HadCM3 found that the ocean response matched the timescale of near 
surface air temperature. In contrast land precipitation responded more quickly than air 
temperature in agreement with the results of Joseph and Zeng [2011] using a model of 
intermediate complexity. It was further found that the timescale of the land precipitation 
response was similar to that of aerosol optical depth and a reduction of land-ocean 
temperature contrast, suggesting a directly forced component and possible contributions 
from weakening monsoons. Finally, precipitation was found to be more sensitive to 
changes in temperature in response to volcanic forcing (3.3 % K
-1
) compared to 
greenhouse gas forcing (1.5 % K
-1
) or internal variability (2.0 % K
-1
).  
Many of these model-simulated features are also seen in observational data. This includes 
a reduction in land precipitation for the global mean and wet tropical regions, which is 
significant in the cold season. Epoch analysis was also performed on observed ocean 
precipitation data for the first time, but results were noisy due to a short record length 
encompassing only 2 eruptions, and only follow the modelled response in the cold season. 
The record was too noisy to confirm whether the long ocean precipitation response seen 
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in models also occurs in the observations. Although observed spatial response patterns 
were only marginally significant, monsoon regions dry in the observations, in agreement 
with the model results, with the exception of SE Asia. A precipitation pattern resembling 
the positive phase of the NAO could be seen in the cold season [see also Fischer et al., 
2007], although this was not convincingly captured by any model [see also Driscoll et al., 
2012 and Charlton-Perez et al., 2013]. Land precipitation response features were robust 
to choice of dataset. Detection analyses found that the influence of volcanic forcing on 
precipitation was detectable against internal variability in all observational datasets in the 
cold season, in year 1 and 1+2 combined, including when using the Global Precipitation 
Climatology Project satellite-gauge dataset (GPCP) which includes ocean coverage. In 
contrast, the response was only marginally detectable in the warm season. The magnitude 
of the response was underestimated in the cold season by both HadCM3 and the CMIP5 
models despite model improvements relative to HadCM3, and this originated from the 
wet tropical regions. Removing the influence of ENSO generally brought the models and 
observations into closer agreement, although rendered some results insignificant in the 
warm season. 
Finally, the number of rivers undergoing a significant streamflow response following 
eruptions was close to but slightly above that expected by chance. Rivers undergoing a 
significant reduction in streamflow included the Amazon, Congo, Nile, Orange, Ob and 
Yenisey. However, relatively short records with a limited sample of eruptions results in 
poor signal to noise ratios. When neighbouring basins undergoing the same sign of 
CMIP5 multi-model mean predicted precipitation response were combined into regions, 
the streamflow response often better reflected the modelled precipitation response over 
the region. For example, streamflow decreased significantly in northern South America, 
Central Africa and less robustly in high latitude Asia and increased significantly in 
southern South America and SW North America. Over Southern Europe streamflow 
decreased matching the observed precipitation response rather than the modelled one, 
reflecting a positive NAO pattern. Streamflow also decreased significantly following 
eruptions over the wet tropics as a whole, although the Amazon dominated results when 
114 
 
using absolute rather than standardised values, and the post-eruption decrease in 
streamflow became insignificant following its removal. 
5.2 Challenges and limitations 
The main challenge in this research has been the noisy nature of both precipitation and 
streamflow, combined with a small sample of eruptions in the twentieth century for which 
instrumental data exists. This is particularly the case over oceans, for which data span 
only 2 eruptions. In addition, poor data coverage over land at the beginning of the 20
th
 
century and again after 1990 means that some land regions have data for only a couple of 
eruptions or are interpolated (see Figure 5.1). Some of the areas that are data sparse for 
early eruptions undergo the largest post-volcanic reduction in land precipitation, for 
example, over wet tropical regions. Furthermore, the fact that 3 of 5 twentieth century 
eruptions were followed by El Nino events, whilst the 1902 eruption occurred half way 
through one, leads to possible confusion of the volcanic and ENSO signals. All these 
factors make it more difficult to confidently identify robust precipitation response 
features in observational data, particularly when examining spatial response patterns, 
which have poorer signal to noise ratios than spatial averages. Nevertheless a 
combination of significance testing, removing the influence of ENSO, and analysing the 
observations in conjunction with climate models increases confidence in results 
particularly where models and observations agree. An example is the reduction in land 
precipitation both globally and in wet tropical regions and ocean precipitation in these 
same places in the boreal cold season. Another example is the drying of African and 
South American monsoon regions. For some regions the model ensemble mean and 
observations do not agree on the sign of the response, but the observed response is within 
the ensemble envelope (e.g. NH land and wet tropical ocean regions in MJJASO for 
GPCP vs CMIP5; Fig 3.3, S3.6). In such a case, the spread between ensemble members 
indicates that the observed change is a plausible combination of response to the eruption 
and climate variability. However in some regions the observations are also outside of the 
ensemble envelope as well as of opposite sign (e.g. global ocean in MJJASO for GPCP vs 
CMIP5 (Fig 3.3), NH land for Z07 vs HadCM3 (Fig 2.9)), suggesting that the model 
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either misses the response or underestimates the variability (see discussion in Section 
5.3). Observational error, e.g. due to missing values and noisy records, may also 
contribute to this model data difference. It is difficult to pinpoint the cause for such 
discrepancies. Note that the methods applied account for entire gridboxes missing in 
observations by removing them from models as well, but do not account for sparse 
sampling of changes within gridboxes. 
Despite integrating surplus or deficits in precipitation over an area, streamflow results 
also appeared noisy at the scale of the individual drainage basin and were significant for 
only marginally more drainage basins than expected by chance. Streamflow is affected by 
many factors besides precipitation, including evaporation, storage of water in snow, ice, 
lakes and behind dams, extraction for irrigation and land use changes. If we partially 
circumvent the interference of human infrastructure by focusing on river basins that are 
not strongly affected by dams we find an increase in the proportion of rivers undergoing a 
significant response. Nevertheless, data for more eruptions would be required to be 
confident in the response of individual rivers to eruptions. Signal to noise ratios improved 
when rivers were combined into regions and the fact that the direction of response often 
matched modelled expectations of precipitation response increases confidence that the 
influence of volcanism can indeed be seen. 
Further limitations include inherent problems with precipitation datasets e.g. for gauge 
datasets: exaggerated variability where few stations exist in a given grid cell (as discussed 
above); lack of stations in inaccessible areas such as mountainous regions, high latitude 
regions and deserts; problems with wind-induced undercatch particularly for snow; 
wetting and evaporation losses; and inhomogeneities associated with changes in 
measuring techniques and stations coming into and out of action [e.g. Becker et al., 2013; 
Hegerl et al., 2014 and references in both; Zhang et al., 2007 supplement]. For satellite-
based precipitation measurements biases exist in high latitudes in winter, particularly over 
oceans, whilst record lengths are short [Adler et al., 2012]. At the beginning of the 
record (1979-1987) GPCP is based only on infrared radiation measurements, which relate 
cold cloud top area to precipitation. A microwave sensor was introduced from 1987 
116 
 
onwards, improving accuracy, but introducing a possible inhomogeneity [Adler et al., 
2003]. However, since this study focuses on interannual variability, such inhomogeneities 
are not as problematic as they would be for trend analysis. 
Whilst climate models are helpful in determining the noise-free precipitation response to 
volcanic forcing by averaging across many realizations, and are useful in performing 
experiments to elucidate mechanisms, they are not perfect representations of reality and 
may not simulate the precipitation response to volcanoes correctly. Climate models have 
some systematic biases in simulating climatological precipitation e.g. insufficient 
precipitation in the equatorial West Pacific, too much in the convergence zones south of 
the equator in the Atlantic and Eastern Pacific, an overly zonal South Pacific 
Convergence zone, overly frequent light rainfall events, and errors in the timing of the 
diurnal cycle of rainfall and convection over land [Flato et al., 2013]. These latter two are 
unlikely to be problematic for the analysis presented here since half year seasons are 
used. Furthermore, errors in the location of features such as convergence zones are taken 
into account by defining wet and dry regions for each model and observational dataset 
separately. It is possible that where the magnitude of climatological precipitation is 
incorrect, the magnitude of the precipitation response to eruptions could also be incorrect, 
but it may well still react in the right direction In addition, volcanic aerosol forcing 
datasets and the way they are incorporated in climate models are simplifications of reality 
and could result in errors. Furthermore, different models use different forcing datasets 
which sometimes disagree on the magnitude of eruptions (e.g. see Figure 1.1). Examples 
of possible model problems in simulating the precipitation response to volcanoes 
identified here include the lack of NAO response and the apparent underestimate of 
precipitation response in the cold season. However, since the observed response is noisy, 
it is difficult to obtain a reliable fingerprint of the precipitation response to volcanic 
forcing against which to evaluate models. 
Other possible limitations of this research include: possible incomplete removal of the 
ENSO signal from observations, especially using the short GPCP record; inconsistent 
non-volcanic forcings in the HadCM3 ensemble used in Chapter 2 (however, sensitivity 
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tests suggested that this did not make a difference to results); and ignoring differences in 
seasonal timing of eruptions. The latter is not expected to be a problem for eruptions of 
Pinatubo size (see discussion in Chapter 2, Section 2.3.1). Ideally we would have 
analysed eruptions whose aerosol clouds were biased towards either hemisphere 
separately and not included a high latitude eruption as this all makes a difference to the 
precipitation response, but due to the small sample of eruptions with observational 
records this was not possible. 
5.3 Wider implications 
In terms of human impact, whilst the global mean precipitation decrease following 
eruptions is only a couple of percent of climatological rainfall, on regional levels the 
response is bigger. Examples include a decrease of 5-12.5% in some monsoon regions 
and an increase of more than 15% in some dry regions (Figure 2.4) (although this latter 
will appear inflated due to very low mean precipitation). The extent to which these 
changes are likely to affect people depends on the location e.g. whether it is populated, 
the extent to which the population is reliant on agriculture, whether it is a water-stressed 
area and how much rainfall normally varies. For instance, regarding the c. 10% decrease 
in the monsoon regions, over central Africa this may well not pose much of a challenge as 
freshwater withdrawals are less than 1% of freshwater availability (WRI, 
http://www.fao.org/nr/water/aquastat/data/query/index. html), whilst the South American 
monsoon region is largely rainforest. In contrast, India and Pakistan use a higher 
percentage of their available freshwater (34 and 74% respectively (WRI)), whilst the 
interannual standard deviation of the Indian monsoon is itself 10% [e.g. Joseph et al., 
2013], and so a 10% decrease in rainfall might have more impact. The highly water 
stressed areas in northern Africa and the Middle East are actually areas expected to 
experience increased precipitation following eruptions. Impacts on the mid and high 
latitudes are likely small because precipitation changes are only a small percentage of 
climatological rainfall. Having said this Trenberth and Dai [2007] find widespread 
moderate to severe drought in many regions worldwide following the Pinatubo eruption, 
although the coinciding El Nino event will have exacerbated this by shifting precipitation 
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offshore [Trenberth and Dai, 2007]. The streamflow response of most rivers was within 
one standard deviation of natural variability, although was bigger for some e.g. the Niger, 
Orange, Amazon and Yellow. Again the human impact depends on the factors mentioned 
above. Following larger eruptions the hydrological cycle response is likely to be bigger 
and have more impact (e.g. see Timmreck et al., 2012 for the precipitation and streamflow 
response to the Toba super-eruption), although will not necessarily vary linearly with 
magnitude e.g. due to coagulation of aerosols which decreases their effectiveness at 
reflecting shortwave radiation per unit mass [Timmreck et al, 2009]. 
The results presented here are also relevant to people in terms of predicting the 
precipitation response to future eruptions. Based on the historical record it is likely that 
such an eruption will occur in the next few decades [Crowley et al., 2008]. Whilst our 
findings represent the average response to eruptions, precipitation and streamflow can 
deviate from this average response following individual eruptions. For instance, at the 
global mean and wet tropical regions scale some ensemble members show an increase in 
precipitation rather than a decrease (e.g. see Figure 3.3). Therefore, assuming climate 
models are a reasonable representation of reality, precipitation might be expected to 
increase in these areas following some eruptions. However, it is the local scale over land 
that is most relevant for human impacts. Figure 5.1 shows the observed precipitation 
response to individual twentieth century eruptions, thereby giving a rough indication of 
how consistent the response is between eruptions. Over many areas e.g. North America 
and Australia in winter, precipitation differs considerably between eruptions, whereas in 
others e.g. Southern Africa and southern Europe in winter, it is more consistent. In order 
to explore predictability at the local scale more formally Figure 5.2 (a, b) indicates the 
grid squares for which the precipitation response is consistent in sign 60% of the time in 
response to 50 eruptions, using the HadCM3 CMIP5 historical runs (10 ensemble 
members, 5 eruptions (Table S3.1)), and for 7 out of 10 ensemble members for each of 
the twentieth century eruptions separately (c-l). Using a criterion of 60% for Fig 5.2a and 
b seems low, but very few grid cells pass a 70% criterion. Over many land regions in (a-





Figure 5.1: The precipitation response to individual twentieth century eruptions in the Z07 dataset 
for years 1 and 2 combined, illustrating levels of consistency between eruptions and indicating 







Figure 5.2: (a-b) Precipitation response to 50 eruptions for years 1 and 2 combined, simulated by 
HadCM3 (10 ensemble members, 5 eruptions) showing grid cells where the direction of response is 
consistent 60% or more of the time. (c-l) as (a-b) but for individual eruptions, indicating where 7/10 
ensemble members agree on the sign. 
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varying widely. In contrast, the response to eruptions is more obvious in monsoon regions 
and near to the ITCZ, suggesting that volcanic eruptions lead to a more predictable 
precipitation change there. When individual twentieth century eruptions are analysed 
separately (c-l), the response is more consistent between ensemble members and the 
majority of grid cells pass a 60% predictability criterion (not shown). This suggests that 
knowing the latitudinal distribution of the eruption aerosol cloud can improve 
predictability, particularly in regions affected by ITCZ shifts. It is likely that taking into 
account the underlying ENSO state would improve predictability further. For streamflow, 
the response at the level of individual rivers (which is the scale most relevant to people) is 
still not that well characterised and is often not very consistent between eruptions (not 
shown). 
The findings of this study also have implications for solar radiation management based 
geoengineering schemes. Although the spatial patterns of precipitation response to 
eruptions are broadly the opposite of the global warming response, previous studies (see 
discussion in Section 1.2.2) and the hydrological sensitivity analysis in Chapter 2 show 
that precipitation is more sensitive to short-wave forcing than to longwave forcing such as 
by greenhouse gases. This means that if temperature was kept constant under increasing 
CO2 concentrations, precipitation would still decrease. A decrease in global precipitation 
is obviously undesirable, although previous studies imply that this decrease may be less 
than the changes that would have occurred under global warming with no geoengineering, 
but not in all regions [Schmidt et al., 2012; Tilmes et al., 2013; Kravitz et al., 2013b]. 
Furthermore the shifts in the position of the ITCZ found in Chapter 3 and in Haywood et 
al., [2013] in response to asymmetric forcing imply that the latitudinal distribution of 
geoengineering (e.g. sulphate aerosols) is important.  
Finally, a key finding of this thesis was that climate models underestimate the 
precipitation response to eruptions in the boreal cold season. This underestimate could be 
for a variety of reasons. For instance Zhang et al. [2007] found that climate models 
underestimate variability compared to their observational dataset (Z07) at least in part 
because grid cells for which few stations exist tend to overestimate variability. GPCP also 
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tended to show higher variability over oceans that CMIP5 models, but not over land (not 
shown).  Other possible reasons could include incomplete ENSO removal from the 
observations, inaccuracies in volcanic forcing datasets and simplifications in their 
implementation, and model errors in ocean heat uptake, climatology, SST response, 
monsoon responses, or other circulation responses to eruptions. However, if this 
underestimate is a real phenomenon, it implies that climate models could also 
underestimate the precipitation response to geoengineering schemes. Previous studies 
have also suggested that climate models underestimate the precipitation response to 
greenhouse gases [Zhang et al., 2007; Polson et al., 2013b]. 
5.4 Areas for future research 
There are a number of ways in which the research presented here could be furthered and 
other wider aspects of the response of the hydrological cycle to volcanic eruptions that 
would benefit from further research. The most obvious research question that needs to be 
addressed is the causes of the model-data mismatch in the magnitude of the wet region 
response to volcanic eruptions. The following questions could shed light on this, but are 
also interesting in their own right. For instance, model experiments could be analysed to 
assess whether or not the choice of forcing dataset makes a discernible difference to the 
precipitation response and to check whether or not the seasonal timing of eruptions makes 
a difference. The influence of the background ENSO state at the time of eruptions on the 
precipitation response could be analysed further by selecting eruptions in climate model 
simulations that occur at a certain phase of ENSO e.g. to match the ENSO-state for the 
twentieth century eruptions. Furthermore, elucidating the mechanisms by which the 
precipitation influence comes about in models and reanalysis data can lead to improved 
understanding of climate dynamics and may help to identify any differences in the 
magnitude of the response between models and data.  
Further questions that arise include the response of precipitation extremes to volcanic 
eruptions, whilst the effect of eruptions on drought could be examined in more detail than 
has been done previously, including any contribution to past mega-droughts. Related to 
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this the influence of eruptions on soil moisture could be investigated, as soil moisture is 
of importance to impacts on vegetation. However, lack of observations means that this 
would have to be model-based. A further interesting question relates to the ocean 
response to volcanic eruptions, including their influence on salinity. Salinity can be 
influenced by precipitation, evaporation and freshwater runoff from continents.  
The streamflow response to eruptions is another area that has a lot of scope for further 
research. For instance observational results could be compared with climate model 
simulations and a detection analysis performed. It would also be interesting to see 
whether volcanic eruptions affect the timing of the spring melt peak for rivers with a 
significant contribution from snow and ice- it could be later due to cooler temperatures, or 
earlier in some places due to the winter warming response. However, the small sample 
size of eruptions in the observed record might render this unfeasible using instrumental 
data. It would also be interesting to look into the significant correlation between Amazon 
streamflow and the NAO found in Chapter 4 and see if there is a mechanism that could 
explain it. An examination of the time series suggests that this is not due to trends or 
anomalous points. 
Finally, when the next big eruption occurs this will allow both the observed precipitation 
and streamflow response to be better constrained, particularly for the precipitation 
response over oceans, for which data currently exists for only 2 eruptions. This may help 
to clarify whether the model-simulated long response in precipitation over ocean relative 
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